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ABSTRACT
Moisture content in soil has a great implication in engineering design, and it has 
been heavily investigated by soil engineers and scientists. If moisture content in 
expansive soil changes drastically, it will create significant volume change in the soil. If 
expansive soil is present in building foundation or pavement subgrade, it may result in 
structural failure. On the other hand, if sufficient moisture content is present in soil, it 
will increase the production of geothermal energy from the ground soil. This dissertation 
is an effort to understand the effects of moisture content on both expansive soils and 
geothermal energy that is extracted from ground soils.
Louisiana has been affected by its expansive soil. In north Louisiana especially, 
pavements often get longitudinal cracks due to the expansive subgrade soil. In this 
dissertation, one of the major types of expansive soils, which is called Moreland clay, is 
investigated to understand the swell-shrink properties. The dissertation research started 
with the characterization of Moreland clay by performing a series of laboratory tests. As 
a by-product, a GIS-based swelling potential map of expansive soil in Louisiana was 
developed. It is concluded from the characterization that Moreland clay is one of the most 
expansive soils in the world.
In the dissertation research, an easily implementable model is developed based on 
the theory of beam on elastic foundation, in which the mechanism of soil strength is
mathematically considered. The predicted heave or shrinkage of expansive soils below 
the pavement is integrated in the model as the beam deflection. In the proposed method, 
pavement is simplified as a beam with a virtual load as a form of Fourier series applied 
on top of the beam to mimic the heave/settlement caused by the volume change of 
expansive soils. The virtual load is determined by making the predicted subgrade soil 
heave/settlement equal to the beam deflection. Finally, a closed-form solution of the 
beam’s deflection, rotation, bending moment and shear force are developed, which is 
caused by the heave/shrinkage of the expansive soil below the pavement. Compared with 
the traditional finite element models, the proposed analytical model is significantly more 
simple and more easily implemented. The closed-form solutions make pavement stress 
analyses and soil heave predictions separate. All the equations and calculations are 
incorporated in the Excel spreadsheet. The Excel-based software package will be the only 
required tool for design calculations. As a part of the expansive soil research, using 
different soil stabilizers (e.g., geopolymer concrete (GPC) and cement) to stabilize the 
expansive soil is also investigated.
Finally, the moisture content of soil on geothermal energy is investigated. At the 
beginning, a three-story building in New Orleans is designed with an energy-pile 
foundation as an example to see the prospect of geothermal energy in Louisiana. The 
research shows, if geothermal energy is used for the building’s heating and cooling 
energy source, less carbon dioxide would be emitted compared to its traditional heating 
and cooling energy source (i.e., electricity, natural gas, etc.). As a part of the research, a 
simple graph method is proposed to design a borehole heat exchanger for small 
apartments and offices. A small apartment in Ruston, Louisiana, is designed as an
Vexample using the graph method and later again designed with the two very popular 
commercial software GLD 2012 and GLHEPRO. The result from the graph method 
shows a great convergence with both commercial software programs. At the end, a 
sensitivity analysis of different design parameters of energy pile is performed to have a 
better understanding of the geothermal energy system.
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CHAPTER 1
INTRODUCTION
Moisture content in expansive soil has been the cause of distress for engineers for 
many years. For geotechnical engineers, this distress manifests as constant worry about 
the uplift of expansive soil by increased/decreased moisture content in foundation soil, 
whereas for pavement engineers, it manifests as great concern about the longitudinal 
cracks on pavements if the subgrade soil is expansive with a high degree of moisture 
change throughout the year. In Louisiana, especially in the southern part, the soil 
moisture content is high due to its elevated ground water table (GWT). Recently, using 
the soil’s high degree of moisture content, another research field has flourished, which is 
harvesting geothermal energy from the soil. In geothermal energy system design, 
moisture content in ground soil has been identified as the key parameter; therefore, an 
increase in soil’s moisture content indicates that more energy can be found from the soil. 
In this research, the contradiction of moisture content in Louisiana’s soil was 
investigated.
1.1 Relationship between Expansive Soil with Moisture Content
In the mechanism of expansive soil, an increase in moisture content causes the 
soil to swell. Increased soil volume will cause the structure to fail. On the other hand, 
during summer time when soil moisture content decreases, it causes the soil to shrink,
1
which can result once again in a structural failure. Expansive soil is truly unique as 
compared to regular soil for its presence of minerals like kaolinite, illite and 
montmorillonite. Although most of the clay soil show some form of volume change with 
moisture, for expansive soil, the volume change happens abnormally. Louisiana has been 
well known for its expansive soil related structural damages. In this research, Louisiana’s 
Moreland clay, which is expansive in nature, has been extensively investigated. A 
complete understanding of the Moreland Clay will help engineers to design future 
structures in Louisiana safer than before.
1.2 Relationship between Geothermal Energy and Moisture Content 
In the mechanism of harvesting geothermal energy from the ground soil, the 
difference between atmospheric and soil temperature is used to heat/cool buildings or 
produce electricity directly. For moist soil, the heat capacity depends mostly on the 
moisture content of the soil. In Louisiana, especially in the southern part (i.e., New 
Orleans) where the GWT is high, the soil has higher moisture content, and 
piles/boreholes can be used to draw energy from the moist soil. Increased moisture 
content not only means more energy in the soil; it also means a greater effective zone for 
each energy pile/borehole. This will also help to harvest a more efficient geothermal 
energy system from the relatively smaller area.
1.3 Hypothesis and Objective 
As seen from before, moisture content-induced damage is one of the most 
commonly observed distresses in the structures on expansive soils, but moisture content 
in ground soil is also the key design parameter of renewable geothermal energy. The 
main hypothesis of this study is as follows:
“Using the Winkler foundation model, a closed-form analytical solution can be 
developed to calculate the effects of expansive soil on pavements.”
The objective of this study is to characterize and find the swell-shrink properties 
of Louisiana’s Moreland clay, develop an analytical model to find the stress in pavement 
due to the presence of expansive soil in the subgrade, and investigate geothermal energy 
potential for Louisiana’s soil. In the geothermal energy research, the utilization cases of 
the geothermal energy system for both North and South Louisiana are evaluated, and 
finally, a simplified graphical model is developed to design a small-scale geothermal 
energy system for Louisiana.
1.4 Outline of the Dissertation 
This dissertation is focused on explaining the volume change behavior of 
expansive soil with the newly developed analytical model of pavement stress using 
Winkler foundation. The dissertation also includes findings from two case studies of 
geothermal energy systems, and a simplified method of designing a geothermal system in 
Louisiana. The literature review and findings of the soil study are presented in six 
chapters. Chapter 2 is the literature review, Chapters 3 through 6 contain the expansive 
soil study. Chapter 7 presents the geothermal energy study, and finally, Chapter 8 gives 
the overall conclusions and recommendations for future studies.
Chapter 2 introduces a state-of-the-art literature review on expansive soil and 
geothermal energy. This chapter also includes mineralogy, swelling mechanism, heave 
prediction methodologies, important factors of geothermal energy and types of 
geothermal energy.
Chapter 3 describes the process of producing expansive Moreland clay 
distribution map, soil sampling and disseminating details of all the soil experiments to 
find the swell-shrink properties of the Moreland clay. The one-meter Moreland clay 
heave prediction using the material properties from the experiment results led to the 
production of the Louisiana soil’s swelling potential map.
Chapter 4 describes using six boundary conditions to determine the three- 
dimensional constitutive surfaces for a soil. In the chapter, for the first time, the 
Moreland clay constitutive surface is plotted.
Chapter 5 presents in detail the development of an analytical method to analyze 
pavement stress caused by soil expansion or shrinkage. On the beam theory, a virtual 
load-based model is developed to find the soil heave/settlement induced stresses.
Chapter 6 describes the research on expansive soil stabilization with geopolymer 
cement (GPC) and cement. Four groups (5% GPC, 10% GPC, 20% GPC and 10% 
cement) of stabilized Moreland soil samples are prepared, and each group is studied with 
three samples produced and stabilized for seven, fourteen and thirty days, respectively.
At the end of each curing time, consolidation tests are conducted to find the samples’ 
stabilization effectiveness that is dependent on curing time and GPC percentage.
Chapter 7 presents two case studies of the application of geothermal energy for 
small buildings in both North and South Louisiana. A graphical method is also developed 
to design a geothermal energy system for small buildings in Louisiana.
Chapter 8 summarizes important conclusions from the previous chapters. 
Recommendations for future studies are included.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
In nature, moisture content plays a key role in our living conditions. During the 
rainy season when soil moisture content increases so does the soil volume, which might 
cause structural failure. On the other hand, an increase in moisture content implies a 
potential increase in geothermal energy extraction from the soil. The structure can also 
incur damage due to soil volume reduction in a dry season. In this chapter, a 
comprehensive summary of expansive soil mineralogy, its swelling mechanism, different 
heave predicting methodologies, and soil stabilization using geopolymer material are 
included. Finally, a state-of-the-art complete review of geothermal energy, including 
types of geothermal energy and important design parameters of geothermal energy, is 
explained in detail.
2.2 Expansive Soil
Expansive soil refers to any soil that has significant changes in its volume that 
correspond with changes in its moisture content. Generally, when expansive soil gets wet, 
its volume increases, and when it dries, it shrinks. Because of its seasonal volume change, 
it might create structural failure, if the volume change is not carefully considered during 
the design of the structure. Many researchers have tried to find the consequences of
expansive soil on structures. In 1973, Jones and Holtz reported that, in the US alone, 
“each year, shrinking and swelling soil inflicts at least $2 billion in damages to houses, 
buildings, roads, and pipelines more than twice the damage from floods, hurricanes, 
tornadoes, and earthquakes!” [1]. They also concluded that 60% of the new houses built 
in the US will experience minor damage during their useful life cycle, and 10% will 
experience significant damage beyond any form of repair. Krohn and Slosson in 1980 
estimated that $7 billion is spent each year in the US because of damage to all types of 
structures built on expansive soil [2]. In 1986, Snethen stated, “While few people have 
ever heard of expansive soil and even fewer realize the magnitude of the damage they 
cause, more than one-fifth of American families live on such soil, and no state is immune 
from the problem they cause. Expansive soil has been called the ‘hidden disaster’: while 
they do not cause loss of life, economically these soils have become one of the US’ 
costliest natural hazards” [3]. In 1979, Fredlund explained there are two main reasons 
behind the lack of significant development for unsaturated soil mechanics: (1) 
insufficient science with theoretical background because the stress condition and 
mechanics involved in an unsaturated expansive soil are not properly understood and (2) 
insufficient financial recovery for engineers because the possible liability to the engineer 
is often large relative to the financial remuneration, especially with regard to expansive 
soil. Consultants might find other areas of geotechnical engineering more profitable. 
More structural soundness and more economical design is possible if volume change 
behavior of expansive soil can be reliably estimated [4],
72.3 Origin of Expansive Soil 
In 1969, Donaldson divided the parent materials associated with expansive soil 
into two groups [5]. They are (1) igneous rocks in which the feldspar and pyroxene 
minerals configure montmorillonite and other secondary minerals through decomposing 
and (2) sedimentary rocks that contain montmorillonite, one of the constituents that 
breaks down physically to form expansive soil. In 1973, the paleogeographic condition in 
the Rocky Mountain and Great Plains regions of the US was investigated by Tourtelot
[6]. Montmorillonite was believed to be formed from two separate origins: (1) the 
products of weathering and erosion of the rocks and (2) the ash generated by the volcanic 
eruptions. The origin and distribution of expansive materials are generally a combination 
of the geological history, sedimentation and present local climatic conditions. Expansive 
materials result from the following sources, working individually or in combination: (a) 
weathering, (b) diagenetic alteration of pre-existing minerals, and (c) hydrothermal 
alteration [7]. Eberl [8] explained that the weathering is the most important source of clay 
formation, which is a combination of three different mechanisms: (a) inheritance, (b) neo­
formation, and (c) transformation. Mitchell and Soga [9] explained these reactions are 
typically characterized by ion exchange with the surrounding environment and/or layer 
transformation in which the structure of octahedral, tetrahedral, or fixed interlayer cations 
is modified.
2.4 Clay Mineralogy 
As Grim [10] defined, clay minerals are chemically composed of a combination 
of silicates of aluminum and/or iron and magnesium. Clay minerals are mostly sheet-like 
in structure and can have various shapes. A typical clay particle or expansive soil is made
of microscopic platelets with negative electrical charges on their flat surfaces and positive 
electrical charges on their edges [11]. The structure of expansive soil can be visualized as 
building blocks. Mitchell and Soga [9] gave a detailed description of these building 
blocks, which include two basic elements: silicon tetrahedron and alumino-magnesium 
octahedron, as shown in Fig. 2.1 and 2.2. The blue balls in the tetrahedral sheet and the 
green balls in the octahedral sheet represent oxygen. Red triangles/balls in the tetrahedral 
sheet represent silicon, and dark blue triangles/ balls in the octahedral sheet represent 
aluminum.
Fig. 2.1 Silicon Tetrahedron Sheet-like Structure [12]
Fig. 2.2 Alumino-Magnesium Octahedral Sheet-like Structure [12]
Silicon tetrahedron is made up of silicon and oxygen atoms where alumino- 
magnesium octahedron consists of aluminum or magnesium atoms surrounded by 
hydroxyls. In the silicon tetrahedron, oxygen atoms have an unsatisfied chemical bond 
and the oxygen atoms at the base are shared with the adjacent tetrahedron. This silicon 
tetrahedron formation satisfies the oxygen atoms at the base, creating a sheet-like 
structure. However, the oxygen atoms at the apex will still have unsatisfied bonds, as 
shown in Fig. 2.1 [11-13], Octahedral units share their hydroxyls creating a sheet-like
structure as illustrated in Fig. 2.2. In this arrangement, there are no unsatisfied chemical 
bonds [11-13].
From the different arrangements of these two building blocks mentioned above, a 
variety of clay minerals can be created. Mitchell and Soga [9] depicted several different 
minerals. Natural clay soil is most of the time a combination of three basic minerals. The 
minerals are 1) kaolinite, 2) illite and 3) montmorillonite [11]. They are tiny crystalline 
structures with sizes varying between 10-6 mm to 1 pm. These crystalline structures are 
generally named colloids. Unlike sands and silts, the grain size distribution of clays has 
almost no influence on the engineering behavior; whereas colloidal properties, such as 
adsorption of water due to the large specific surface area of the particles, dominate the 
performance of the clay soil [13-16].
Kaolinite consists of alternating layers of silica and alumina sheet (1:1 or two- 
layer type). The layers are held together by hydrogen bonding between hydroxyls from 
the alumina sheet and oxygens from the silica sheet, as shown in Fig. 2.3. Such bonding 
is very strong, preventing water from entering the basic layers and allowing many layers 
to build up to make a rather large crystal. A typical kaolinite crystal may be 70 to 100 
layers thick. Due to the relatively large particle size and low specific surface area, i.e., 
total surface area of particles per unit mass, kaolinite shows less plasticity and swelling 
than most other clay minerals [11-13].
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Fig. 2.3 (a) Atomic Structure of Kaolinite and (b) Symbolic Structure of Kaolinite 
[10,13,17]
Montmorillonite is made of repeating layers of an alumina sheet (gibbsite) 
sandwiched by two silica sheets (2:1 or three-layer type). Since the bonding between the 
silica sheets is weak and isomorphous, substitution of aluminum with magnesium or iron 
in the octahedral sheet occurs, and water and exchangeable ions enter easily between 
layers as illustrated in Fig. 2.4, pushing the layers farther apart. As a result, the specific 
surface increases several times. Because of the extremely small particle sizes and 
unbalanced charge in the octahedral sheet, montmorillonite shows a distinctive swelling/ 
shrinking behavior. Upon wetting, montmorillonite clays may swell several times their 
dry volume, and when dried, they tend to shrink and crack. Usually, such dry soil is very 
hard [11-13],
11
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Fig. 2.4 (a) Atomic Structure of Montmorillonite and (b) Symbolic Structure of
Montmorillonite [10,13,17]
Illite is also a 2:1 type (three-layer) mineral with repeating layers of an alumina 
sheet in the middle and silica sheet at both top and bottom. It is very similar to 
montmorillonite, but the layers are bonded together with potassium cations, as shown in 
Fig. 2.5. The potassium cations are almost exactly fitted into the hexagonal hole (formed 
by the silica tetrahedral sheets) due to the relatively high-density negative charges 
induced from the isomorphous substitution of aluminum ions for silicon ions in the 
tetrahedral sheets. Such a tight bonding between layers prevents the expansion of the 
entire lattice and makes illite much less expansive in nature than montmorillonite. The 
engineering behavior of illite is between kaolinite and montmorillonite [11-13].
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Fig. 2.5 (a) Atomic Structure of Illite and (b) Symbolic Structure of Illite [10,13,17]
In most cases, natural clay soils consist of more than one mineral type. They are 
often the complex mixture of several different minerals. Furthermore, the internal 
structure is different from previously described idealized minerals. Mixed or 
interstratified internal structures are very common. Therefore, clay minerals are often 
composite minerals such as illite-montmorillonite, chloride-illite, etc. Sometimes these 
minerals are loosely termed bravaisite [13]. Identification of different clay minerals 
usually involves using X-ray diffraction, differential thermal analysis (DTA), or electron 
microscopy transmission and scanning. These methods are rather sophisticated, and 
quantitative analysis is not possible. In 1948, Casagrande suggested using Atterberg 
Limits to identify clay minerals [18]. A plasticity chart for clay mineral identification was 
developed by Holtz and Kovacs, as shown in Fig. 2.6 [19]. From an engineering point of 
view, this method gives about the same information as the most sophisticated analyses 
[19]. Different zones in such plasticity charts indicate the behavior of a soil within a 
particular zone is controlled by the corresponding mineral type. It does not necessarily 
mean the soil is 100% of the labeled mineral. Table 2.1 shows free swell for common 
clay minerals.
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Fig. 2.6 Location of Common Clay Minerals on Casagrande’s Plasticity Chart [19]
Table 2.1 Typical Values of Free Swell for Common Clay Minerals [7]
Clay Minerals Free swell %Grim [20] Shamburger et al. [21]
N a-montmorillonite 1400-2000 1400-1600
Ca-montmorillonite 45-145 65-145
Illite 60-120 60-120
Kaolinite 5-60 5-60
2.5 Interaction Between Clay and Water 
To understand the interaction between clay and water, it is important to 
understand the three components of this interaction -  the associated water, the cations 
and the mineral. Clays tend to have either small plate or tubular-like shapes. Shapes like 
these make the electrical charge unbalanced and form a crystalline structure. Table 2.2
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shows some properties of clay minerals. Another unique property of clays is they have a 
high affinity to water, actively reacting to it. Because of their high attraction to water, 
clays found in nature are most likely to be hydrated. The hydration process is done by 
electrically attracting water molecules to the surface areas of the clay particles, forming 
multiple water envelope layers around the clay soil. The final envelope is called as 
double-layer water or osmotic water, which is actually a factor of the shrink-swell 
potential, plasticity and cohesion between particles [11,19, 22]. Within the several layers 
of this envelope, the innermost layer is referred to as absorbed water because it has the 
strongest bond with the particle [23]. The ions distribution on the clay particle surface is 
shown in Fig. 2.7. The effective thickness of the envelope layer can be measured using 
the Gouy-Chapman theory, as shown in Eq. 2.1:
z = the characteristic length or thickness; 
e = unit charge of an electron, 4.77xlO'10 esu; 
e = dielectric constant; 
k = Boltzmann constant, 1.38xl0'6 erg/K; 
v = valency of the ions;
no = concentration of the ions in the bulk solution in ions/cm3; and 
T = temperature, K.
(2 .1)
where
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Table 2.2 Relative Dimensions of Common Clay Minerals (Reproduced after Huang 
[13])
Typical 
Thickness (nm)
Typical Diameter 
(nm)
Specific Surface 
(km2/kg)
3 100*1000 0.8
30 10000 0.08
30 10000 0.08
50-2000 300-4000 0.015
■Water Molecules 
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Fig. 2.7 Distribution of Ions Near Particle Surface [11]
Clay particles are surrounded by cations in two layers, as shown in Fig. 2.7. These 
two layers are called the Stem layer and the diffuse layer, where the cations within the 
Stem layer are those that adhere to the clay particle surface. It is believed water present in 
the Stem layer is significantly different in terms of structure and physiochemical 
properties than the water outside the Stem layer (free water) [13]. This negatively 
charged inner mineral surrounded by positively charged cations to balance each other can 
be visualized as a unit called clay micelle [11]. The attraction force between these two 
charges results in the change in the structure of the adsorbed water. Because of highly- 
oriented ionic packing, density and viscosity of adsorbed water can be much higher than 
free water. Figure 2.8 illustrates such a phenomenon. Adsorbed osmotic water is usually 
considered part of the clay mineral. As the distance from the clay particle increases,
16
cations within the diffuse layer gradually decrease in concentration, and the water 
eventually becomes "free." This results in a gradient in the cation concentration that is 
highest near the surface and decreases with distance away from the surface.
1
I
Fig. 2.8 Density of Adsorbed Water [24]
Hillel [15] explained the balance of ionic distribution between the Stem layer and 
diffuse layer is due to the twofold tendencies: 1) electrostatic attraction between 
positively charged clay particles and the surrounding cations keep the minimum energy, 
and 2) the kinetic motion of the water molecules pushes the adsorbed cations outward to 
seek the same concentration within the whole solution phase. This makes all clays show 
some degree of volume increase once they are in contact with water. Expansive soil is a 
special case where they continue swelling due to high moisture contents. Atomic 
structure, large surface area and ion exchangeability are important parameters of the 
degree of swelling. For example, Montmorillonite soil has larger surface area than 
kaolinite and illite clays, resulting in the thicker double-layer water around the particle 
and between the layer spaces. Again, when hydrated, the ions increase in size, resulting in 
clay swelling. The smaller the ion is, the greater the amount of hydration the ion
17
undergoes. The most common ions in a clay-water system, in order of increasing ionic 
radii, are sodium (Na), magnesium (Mg) and potassium (K). Therefore, the Na- 
montmorillonite clay soil experience higher expansivity than K-montmorillonite clay soil. 
Also, montmorillonite clays showing high volume change because of repulsion resulting 
from diffuse ion layer interpenetration, which depends on the distance between clay 
particles. Clay with a uniform distribution of ions has a net attraction force between 
particles. As water is introduced into soil, water molecules adsorbed on the clay surface 
will force adjacent particles apart. When the distance of two particles reaches about 15 A0, 
two diffuse ion layers are formed, one associated with each surface. In this case, there is a 
net repulsion. Soil with kaolinite and/or illite minerals exhibit much less volume change 
since the interpenetration of ions is not available. Microscale mechanisms of shrink/swell 
expansive soil, such as clay mineral type, clay-water interaction, etc., are only useful for 
qualitative analysis since the influence of the different components of volume change is 
difficult to separate. Also, exact measurements for the type and amount of different clay 
minerals are impossible to obtain. Because of all these factors, the physical and/or 
mechanical properties of soil that reflect the microscale mechanisms of expansive soil are 
used for engineering purposes [13, 19, 22, 25].
2.6 Swelling Mechanism 
Researchers and soil scientists have been trying to understand the swelling 
mechanism for quite some time. Different researchers have tried to describe the process 
in different kinds of literature [14, 20, 22, 26-32], Bolt [26] subdivided swelling 
processes into 1) mechanical swelling, which happens in the presence of elastic and time- 
dependent stress unloading (i.e., digging excavations, tectonic uplift, or erosion) and 2)
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physicochemical swelling, which is classified into hydration energy driven crystalline 
swelling and electrical double-layer effect generated osmotic swelling [7, 29].
2.6.1 Crystalline Swelling
Likos [33] explained the mechanism of crystalline swelling as swelling resulting 
from a short-range hydration and intercalation of multiple discrete layers of water 
between the clay mineral interlayers. This process is referred to as “Type I” swelling [34, 
35] after which “Type II” swelling or osmotic swelling starts. Osmotic swelling is done 
by longer-range electrical doublelayer effects. Likos [33] explained crystalline swelling is 
driven primarily by the energy associated with the initial hydration of exchangeable 
interlayer cations and hydrogen bonding or charged surface-dipole attraction effects 
associated with solid-liquid interactions occurring in the immediate vicinity of the clay 
particle surfaces. Figure 2.9 shows the sequential crystalline swelling process for 
montmorillonite. Once the clay sheet interlayer distance exceeds about 10A° (a distance 
of four water molecules), hydration force becomes minimal compared to electrostatic 
repulsion force between adjacent plates. According to Newman [34], in this situation, the 
distance between plates might increase until the plates become completely dissociated, 
and the swelling that happens is called "osmotic swelling."
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Fig. 2.9 Theoretical Model of the Montmorillonite Mineral’s Sequential Crystalline 
Swelling Process [33]
2.6.2 Osmotic Swelling
Greathouse et al. [36] explained that the clay mineral montmorillonite lattice has 
a chemical composition that consists of aluminum oxide and silicon oxide, where on its 
surface a net negative charge is developed when any divalent metals (i.e., magnesium or 
calcium) substitute for the aluminum or silicon. When an aqueous electrolyte solution is 
present, a double-layer system is formed through the attraction force between negatively 
charged mineral surfaces with cations and polar water as illustrated in Fig. 2.10. The 
overlap of both layers results in a repulsive force, pushing the clay platelets apart and 
causing an excess cation concentration between the platelets. Therefore, free water must 
be drawn into the system to restore equilibrium. Different researchers have worked on 
understanding double-layer repulsion induced soil expansion [36-42], Montmorillonite
20
shows the highest degree of double-layer response, whereas illite has an intermediary 
response, and finally, the kaolinite changes volume exclusively by mechanical unloading 
phenomenon [29].
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Fig. 2.10 Theoretical Model of Osmotic Swelling (Double-layer) of Two Clay 
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2.7 Factors Influencing Swelling and Shrinking of Soil 
Expansive clays have a complex swelling process influenced by different factors 
as summarized in Table 2.3 and 2.4. A clay particle, with its platelet shape, has a negative 
electrical charge on its surface and positively charged edges (Fig. 2.7). These negative 
charges get balanced by the cations in the Stem layer. This overall force field is a 
function of the Van der Waals force and the adsorptive force of the charged clay particle 
and cation filled double-layer water. This internal electrochemical force system must be 
balanced with the application of externally applied stresses and capillary tension (matric 
suction) in the soil water. If for some reason this internal force equilibrium gets disturbed, 
clay shows swell-shrink behavior. This unbalanced force field may occur due to change
of water in the double-layer or change of chemical composition. Factors influencing this 
swell-shrink behavior of soil can be divided into three different groups: soil 
characteristics, environmental factors and stress state. Table 2.3 and 2.4 only show the 
soil and environmental factors of the swell-shrink behavior of the clay soil.
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2.8 Soil Suction
State of water is described by the concept of energy term soil suction, which was 
originally developed in the soil physics of the 1900’s [65-67]. The general terminology of 
soil suction is the free energy state of soil water [68]. Thus, soil suction describes the 
state of water in the soil [7]. Everything in nature contains two kinds of energy: kinetic 
and potential. For water inside the soil, kinetic energy is negligible as water moves very 
slowly through the pores, making the potential energy the key factor. Hillel [15] 
explained that, in determining the internal condition with regard to change in the mode of 
a soil water system, potential energy of water is the most important factor. From the 
quantitative definition, soil suction represents the interaction between soil particles and 
water as a negative gage pressure. There is a distinctive difference between soil suction 
and the pore-water pressure because pore-water pressure is usually related to water 
density, distance from the ground water table (GWT) and the force associated with 
surface tension [69].
The total suction (\p), which is used to characterize the effect of moisture content 
on the volume and strength properties of soil, indicates the potential of absorbing pore 
liquid to satisfy the water deficit of the soil and volumetric swell tendency [7, 46, 48, 49]. 
This total suction represents the free energy present in the soil water compared with the 
pure water outside the soil at the same elevation. Alternatively, total suction can be 
defined as the energy difference between the water inside the soil and the pure water 
outside the soil, which can draw the pure water into the soil by compensating the friction 
force, resistance force of water and the expansion force of the clay lattice. This free 
energy is a function of soil composition and the cation environment [70]. Total energy is
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calculated using the following Kelvin equation (Eq. 2.2) based on thermodynamic 
principles [71]:
R = universal (molar) gas constant (i.e., 8.31432 J/mol/K);
T = absolute temperature [i.e., T = (273.16 + 1°) (K)], t° = temperature (°C);
Dwo = specific volume of water or the inverse of the density [i.e., l/pw (m3/kg)];
pw = density of water (i.e., 998 kg/m3 at t° = 20°C);
©u = molecular mass of water vapor (i.e., 18.016 kg/kmol);
Uu = partial pressure of pore-water vapor (kPa); and
Uuo = saturation pressure of water vapor over a flat surface of pure water at the
same temperature (kPa); the term uv/uuo is called relative humidity (Rh).
The total suction has two components: matric suction and osmotic suction (Eq. 
2.3). Matric suction is also called as capillary potential. Matric suction is also referred to 
as matrix potential, soil-water suction and soil-moisture retention force. While matric 
suction is associated with the capillary phenomenon on the air-water interface, osmotic 
suction 7i is associated with the agent dissolved in the soil water [7]:
u w o u u
(2 .2)
Where,
v|/ = soil suction or total suction;
r|j =  (ua -  uw) + vJ/0 (2.3)
Where,
Ua — uw ~ matric suction;
ua = pore air pressure;
uw = pore-water pressure; and
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\|/o = osmotic suction.
2.8.1 Matric Suction
The most complete definition of matric suction is given by Aitchison and quoted 
by the International Society of Soil Science as “the equivalent suction derived from the 
measurement of the partial pressure of the water vapor in equilibrium with the soil water, 
relative to the partial pressure of the water vapor in equilibrium with a solution identical 
in composition with the soil water” [50, 72].
Matric suction (or capillary pressure) is the function of moisture content and 
external load along the slight effect of air pressure while osmotic suction represents the 
effect of solutes, soluble salts. The difference in the type and concentration of the solutes 
between pore water and free water (from outside sources) leads to an osmotic imbalance 
such that physical changes in soil structure may occur through water moving in or out of 
the pore spaces. Moisture content and external load do not affect the osmotic suction. The 
matric suction component of total suction is associated with the capillary phenomenon on 
the air-water interface [7, 13, 15, 46]. Figure 2.11 illustrates the physical model and 
phenomenon related to capillarity, and Fig 2.12 shows the matric suction mechanism 
inside the soil.
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U,  = AI R
PRESSURE
tiw » W A TER '"'" ' 
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(a) (b) (c)
Fig. 2.11 Physical Model and Phenomenon Related to Capillarity [11]
•AIR
•SOLIDS
UB = AIR
PRESSURE
•RESIDUAL
WATER
CONTENT
I/* = WATER 
PRESSURE V*— DRAINAGE
7- SOLIDS
0  WATER CONTENT
Fig. 2.12 Matric Suction in Soil: (a) Drainage Condition, (b) Imbibition Condition, 
and (c) Soil Water Characteristic Curve [11,31]
Figure 2.11 shows the surface tension of water arising from the unbalanced 
molecular interactions on the air-water interface through the capillary phenomenon. The 
Young-Laplace equation (Eq. 2.4) presents the relationship between the pressure 
difference (ua- u w) across the air-water interface, and the surface tension Ts acting on the 
air-water interface. Figure 2.13 shows the contractile skin of principal radii of Eq. 2.4.
where
Ri and R2 = the principal radii of curvature of the interface (Fig. 2.13), and 
(R f1 + R2 ' 1) ' 1 = the first or mean radius of curvature Rm.
+R,
Fig. 2.13 Schematic Diagram of Principal Radii of the Contractile Skin [73]
The terms used for radii in Eq. 2.4 are dependent on the geometries for the air- 
water interface. If the interface is a sphere and the influence of gravity is ignored, the Rm 
value is equal to R/2 (where R = radius of the sphere); while in the case of a saddle-type 
meniscus, Ri is equal to -R2 (Fig. 2.14d). Figure 2.14 illustrates some simplified 
geometries for the air-water interface that might form in an unsaturated soil.
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(a) Air bubble (b) Water drop (c) Immersed air bubble
Air Air Water
Air Water Air
AP = ual-ua} AP = u„-uw 
2= 1’-R
AP = u0 -  uw
=tA‘ R
- r -
(d) Meniscus at contact (e) Meniscus around saturated
soils
Soil particle
Meniscus
(perfect wetting surface)
Meniscus
particle
AP -u a-u |
{
= r. L JL
 ^R{ ~ Rjj
(spherical menisci)
AP - « b~K = T,j
Fig. 2.14 Simplified Geometry of the Air-water Interface and Associated Pressure 
Difference AP across the Interface Based on the Young-Laplace Equation 
[73]
2.8.2 Osmotic Suction
Aitchison [50] defined osmotic suction as “the equivalent suction derived from 
the measurement of the partial pressure of the water vapor in equilibrium with a solution 
identical in composition with the soil water, relative to the partial pressure of water vapor 
in equilibrium with free pure water.” Osmotic suction is basically caused by the
difference in salt concentration at a different location in the soil water. The mechanism of 
osmotic suction is as follows: salt is dissolved in the pore water, creating a pressure 
difference between water vapor pressure over the solvent surface and the surface of the 
pure water. As the solution concentration increases so does the reduction of the vapor 
pressure, leading to a decrease in the relative humidity. This process will result in the 
increment of total suction where the part of the total suction related to the dissolved salts 
is referred to as osmotic suction (\|/o). From Fig 2.15, the process can be explained more 
easily, where two clay particles are in close proximity. As both clay particles are trying to 
attract the cations, a high concentration of salt is found in the space between and around 
the particles. Therefore, a “pseudo-semipermeable” membrane is created where the 
increased concentration of salt pushes the water molecules outside of their influence. This 
pressure is the osmotic pressure [7, 11].
WATER MOLECULES
CLAY MINERAL
© ©. B. ’• • ® ;®•(
: v'>
'-SALT CATIONS 
PSEUDO-SEMIPERMEABLE MEMBRANE
Fig. 2.15 Pseudo-semipermeable Membrane Effect Causing Osmotic Suction in 
Clay [11]
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Van’t H offs law explains that substances in a dilute solution obey ideal gas laws
[7]. The magnitude of the osmotic pressure (suction) can be computed using Eq. 2.5.
v|j0 =  JRT = CjRT =  psgh0 (2.5)
where
R = the gas constant;
T = the absolute temperature;
n = the number of moles of solute dissolved in volume V of the solution;
Ci (= n/V) = the molar concentration of solute i in the dilute solution; 
ps = solute mass density; 
g = gravitational acceleration; and 
ho = osmotic pressure head.
Although the experimental research showed in NaCl-amended specimens the 
major part of total suction is osmotic, it has been described by many researchers that 
compared to matric suction, osmotic suction has a lesser influence on the mechanical 
behavior of soil [74-80], When comparing different soils, different osmotic suctions of 
the soils (depending on the salt concentration of each soil) create a problem, and it is 
advisable to assume osmotic suction as a constant value and subtract it from the total 
suction to find the matric suction [72, 74]. Table 2.5 shows some common laboratory 
suction measuring methods.
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2.8.3 Soil-water Characteristic Curve (SWCC)
The SWCC defines the relationship between the moisture content and the soil 
suction (Fig. 2.16). The SWCC shows the changes in matric suction with the changes of 
moisture content variation. Because matric suction is a function of soil pore size, it may 
be concluded that the SWCC reflects the pore size distribution in clay soil. The moisture 
content is generally quantified in terms of gravimetric water content, volumetric water 
content or degree of saturation. The SWCC has an important role in terms of 
understanding the water in the soil pores. It can be visualized as an interpretive model of 
an elementary capillary model. The effects of soil texture, gradation and void ratio have 
also become part of the interpretation of measured laboratory SWCC data. The SWCC is 
also referred to as the water retention curve, soil moisture curve, soil water retention 
curve, soil water characteristic etc. Different graphical representations are possible for the 
SWCC by taking the amount of water in the soil in terms of gravimetric moisture content 
(w)/volumetric moisture content (9)/degree of saturation (S) or by making the soil 
suction-axis either a logarithmic or arithmetic scale [7, 11, 13, 81, 82],
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Fig. 2.16 Typical Unimodal SWCC Curve Showing Desaturation Zone (Modified 
after [82, 83])
2.8.4 Important Terminology of SWCC
Air-entry value (AEV), also (\|/a), refers to the matric suction value that must be 
exceeded before air recedes into the soil pores. AEV is also referred to as “displacement 
pressure” in petroleum engineering and as "bubbling pressure" in ceramics engineering. 
The AEV of the soil is obtained by extending the constant slope portion of the SWCC to 
intersect the suction axis at 100% saturation (Fig. 2.17) [84-87].
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Clay
Sand
AEV (Sand) AEV (Clay)
Matric Suction
Fig. 2.17 Effect of Air-Entry Value (AEV) on Unsaturated Shear Strength
Envelopes
Residual moisture content (wr) refers to a characteristic of soil indicated by the 
shrinkage curve, which also indicates the air-entry value of the soil. To remove additional 
water from the soil, a large suction change, i.e., residual suction (\|/r), is required. The 
moisture content corresponding to the residual suction is referred to as residual moisture 
content (wr) [82, 85-87].
Boundary effect zone refers to the zone located from zero suction to residual 
suction. The soil is essentially saturated within this zone. [77].
Transition zone refers to the desaturation zone located within the suction range of 
v|/a to v|/r. As the suction continues after the residual suction, soil starts to lose water [77].
Residual zone refers to the desaturation zone in between \\ir and 106 kPa. In this 
zone, large increases in suction lead to a relatively small change in moisture content [77],
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2.8.5 Hysteresis Effect of SWCC
The SWCC can be found either by desorption process (drying curve) or by 
adsorption process (wetting curve). There is a hysteresis effect during these processes, 
and generally, the drying curve is typically located over the wetting curve (Fig. 2.18). 
Bear [88] explained that the contact angle at an advancing interface during the wetting 
process is different from that at a drying interface during the drying process, thereby 
causing the hysteresis effect. Fredlund and Rahardjo [84] also concluded the entrapped 
air in the soil influences hysteresis.
50
Drying scanning 
curve
40
e Initia stress state from 
soil could dry or wetBcoo
Wetting or adsorption 
(bounding) curve ng or desorption 
curve
Wetting scanning 
curve
100 1000 10,000 100,000 10® 
Soil suction, kPa
0.1
Fig. 2.18 Hysteresis Loops of SWCC [82]
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2.8.6 Equations for SWCC
Researchers and soil scientists have proposed many closed-form, empirical 
equations to either best fit the experimentally found SWCC data or to use empirical 
methods to predict the SWCC curve based on the pore size distribution [75, 87, 89-95]. 
These methods are only applicable in unimodal SWCC (i.e., with two bending curves 
only); they fail when the SWCC of the soil is either bimodal (Fig. 2.19) or multimodal 
[96]. Bimodal SWCC is generally found in aggregate loam or soil with cracks [97-102].
A typical shape of bimodal SWCC is shown in Fig. 2.19. Numerous SWCC fitting 
equations are proposed by different researchers. Table 2.6 provides a comprehensive 
summary of these equations (Eq. 2.6 to 2.22) from the literature.
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Fig. 2.19 Typical Bimodal SWCC [103]
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2.9 Expansive Soil Identification 
Identification of expansive soil is important, and the tasks and methods used to 
identify can be divided into two categories. The first category of the methods mostly uses 
soil physical properties (i.e., Atterberg limits, free swell and potential volume change), 
whereas the second category uses the soil’s mineralogical and chemical properties (i.e., 
clay content, cation exchange capacity and specific surface area).
2.9.1 Methods Based on Physical Properties
Methods Based on Plasticity -  Atterberg limits (i.e., plasticity index and liquid 
limit) are used in many methods to identify expansive soil. Peck et al. [115] described a 
relationship between the plasticity index and expansion potential of the soil, as shown in 
Table 2.7.
Table 2.7 Expansion Potential of Soil Based on the Plasticity Index [115]
Plasticity Index, PI (%) Expansion Potential
0 -1 5 Low
0 -3 5 Medium
20-55 High
>35 Very High
To define expansive soil, Skempton [116] combined the plasticity index and the 
clay content, thereby introducing a new term called the activity (Ac), which is the ratio 
between the PI and percent of weight finer than 2 pm, as shown in Table 2.8.
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Table 2.8 Skempton Classification of Expansive Soil [116]
Activity (Ac) Soil Type
<0.75 Inactive
0.75-1.25 Normal
> 1.25 Active
Zapata et al. [117] showed that the swelling index of expansive soil has a poor 
relationship with the PI (R2 = 0.41) and the sieve analysis (R2 = 0.27), respectively. 
However, a significant correlation came up when both were combined (R2 = 0.61). Thus, 
the Skempton [116] method is considered superior to the method described by Peck et al. 
[115]. The expansion index (El) test was developed in California and later adopted in 
many agencies of California and the Uniform Building Code [118]. The standardized test 
for the El is given in ASTM D4829 [119]. In the uniform building code, the El is also 
used to identify expansive soil, as shown in Table 2.9.
Table 2.9 Expansion Potential Based on the Expansion Index [118]
Expansion Index (El) Expansion Potential
0-20 Very Low
21-50 Low
51-90 Medium
91-130 High
Above 130 Very High
**Note: Table 29-C from Uniform 3uilding Code and Standards (1991)
Other notable methods based on physical properties include the free swell test, the 
potential volume change test, the expansion index (El) test, the coefficient of linear 
extensibility (COLE) test and the standard absorption moisture content (SAMC) test.
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Mineralogical Methods -  The most common mineralogical methods of 
identification include X-ray diffraction (XRD), differential thermal analysis (DTA) and 
electron microscopy.
Chemical Methods -  Popular chemical methods that are used to identify clay 
minerals include measurement of cation exchange capacity (CEC), specific surface area 
(SSA) and total potassium (TP).
2.10 Important Terminology of Soil Heave
Active zone is a term often confused because different researchers have used 
different definitions to determine the “active zone.” To clarify these confusions, Nelson 
et al. [120] used four definitions as follows.
Active zone (Za)  refers to the zone of soil that is contributing to heave due to soil 
expansion at any particular time. Therefore, the depth of the active zone can vary with 
time.
Zone of seasonal moisture content fluctuation (Zs)  refers to the zone of soil in 
which water content changes due to climatic changes at the ground surface. This does not 
include water coming from external sources (i.e., pipe leakage, irrigation).
Depth of wetting (Zw)  refers to the depth to which water contents have increased 
due to the introduction of water from external sources or due to capillary after the 
elimination of evapotranspiration.
Depth o f potential heave (Zp)  refers to the depth to which the overburden vertical 
stress equals or exceeds the swelling pressure of the soil.
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Design active zone (Zad)  refers to the zone of soil that is expected to become wet 
by the end of the design life. This is the active zone for which the foundation is to be 
designed [11].
Free-field heave refers to the soil heave without the application of any surcharge 
load. Generally, the load coming from the slabs and pavements on the ground is very 
minimal, and heave underneath them can be considered free-field heave. This is a very 
common term used by researchers around the world and sometimes [121-128] also 
referred to as free-field movement [129-133].
Current heave refers to the heave produced by the current degree of wetting in the 
active zone. In the measurement of current heave, it is assumed that the soil has been 
fully or partially saturated.
Ultimate heave refers to the maximum amount of heave in the potential zone if 
wetted 100%.
Future maximum heave refers to the expected future heave in the active zone of 
the soil if wetted fully at the time of the investigation.
Design heave refers to the amount of heave that will be experienced during the 
design life of the foundation. Design heave is calculated based on the change in the 
subsurface moisture content profile in the design active zone. Water migration modeling 
can be used to predict the final moisture content profile at the end of the design life of the 
foundation. Calculations of the design free-field heave should also consider the degree of 
wetting in the design active zone. It is also the amount of heave that the foundation must 
be designed to tolerate within its design life [11].
49
Oedometer test refers to a soil test in which 100% saturated soil is laterally 
confined but under one-dimensional vertical load.
Consolidation-swell (CS) test refers to a soil test in which the sample is wetted 
under a prescribed 1 kPa token pressure and allowed to swell.
Constant volume (CV) test refers to a soil test in which the sample is restrained 
from swelling while it is being wetted.
Consolidation-swell swelling pressure (Pcs) refers to the load required to 
compress the soil to its original thickness after it has been inundated and allowed to swell 
in a consolidation-swell (CS) test [11]. It can be found from the e-logP graph.
Constant volume swelling pressure (ffcv) refers to the load required to prevent 
swell and thus maintain a constant volume of the soil after it has been inundated in a 
constant volume (CV) test [11].
Swelling potential (SP%) refers to the swelling capacity of an expansive soil 
while it is absorbing moisture. It either can be quantified from the results of oedometer 
tests (i.e., percent swell, swelling pressure) or can be empirically qualified based on soil 
index properties.
Percent swell (S%) refers to a characteristic commonly determined from an 
oedometer swell test following free-swell procedures that allow a laterally confined 
sample to soak to swell under a certain amount of token load (i.e., lkPa or 7kPa) [52,
134, 135],
Swelling index (Cs)  refers to the slope of the rebound curve of the e-logP graph 
obtained from oedometer tests.
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2.11 Heave Prediction Methodologies 
By late 1950, the heave prediction methodologies were first introduced. At the 
beginning, the research was constrained to volume change due to the settlement of 
saturated soil using oedometer tests [136]. Later, more refined methods were developed. 
Taylor [137] showed how layered saturated expansive soil heave can be mathematically 
computed. Jennings and Knights [138] for the first time extended the settlement theories 
to heave prediction while Salas and Serratosa [139] introduced swelling pressure concept. 
Palit [140] completely defined swelling pressure for the first time. One of earliest 
investigators Aitchison [141], for the first time, developed a model of soil heave 
considering the change in pore-pressure, but it was probably Fredlund et al. [142] who 
properly developed the theoretical framework of the suction induced heave. All the heave 
estimating methods can be divided into three main categories based on (i) empirical 
methods, (ii) oedometer test methods and (iii) soil suction methods [143, 144],
2.11.1 Empirical Methods
In the empirical methods, geotechnical index parameters of the soil (i.e., atteberg 
limits, plasticity index, clay fraction, activity, dry density and initial moisture content) are 
used to predict the soil heave. Empirical methods are often developed based on limited 
data and some of them may not be applicable for all types of soil. For this reason, it is 
advisable to use multiple methods to predict the heave of soil. A summary of empirical 
methods (Eq. 2.23 to 2.49) is given in Table 2.10.
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Table 2.10 Summary of the Empirical Methods [7,31,143-147]
References Description Eq.
Seed etal. [148] SP = 0.00216 x PI2 44;SP = swelling potential, %; PI = plasticity index.
(2.23)
Vander Merwe 
[149]
AH = Fe-°-377D(e-°-377H- l ) ;
H = volume change; AH = total heave;
F = correction factor for degree of expansiveness; 
D = the thickness of non-expansive layer.
(2.24)
Ranganatham & 
Satyanarayana 
ri5oi
SP = 0.000413I§'67;
Is: shrinkage index, (LL-SL).
(2.25)
Nayak & 
Christensen [151]
0.00229IP(1.45c)
SP = -----------—------ - + 6.
Wj
, . [(3.58 x 10-2)PI1,22c2]
38;
+ 3.79;
ing pressure;
(2.26)
“svjpsu — 2Wj
Wi= initial moisture content; Ps = is the swel 
c = clay content.
Vijayavergiva & 
Ghazzaly [152]
1
SP =
12 x (0.4LL — Wj + 5.55)' 
logSP = 0.0526yd + 0.033LL -  6.8; 
LL= liquid limit.
(2.27)
Schneider & Poor 
[153]
/PI\
logSP = 0.9 x J — 1.19
(2.28)
Chen [28] SP = 0.2558e08381Ip (2.29)
Weston [154] SP = 0.00411LLt17av3-86Wj-2'33; LLw = weighted liquid limit.
(2.30)
Picomell & Lytton 
[155] iH: the stratum thickness;
AV/Vi = volume change with respect to initial volume; 
fi = a factor to include the effects of the lateral confinement.
(2.31)
Dhowian [156] iH  = (S P % ) ^ (2.32)
McCormack & 
Wilding [157] SP = 7.5 — 0.8 x Wj + 0.203c
(2.33)
Brackley [158] SP = |5.3 -  “  log pj X (0.525PI + 4.1 -  0.85Wj); 
P = surcharge.
(2.34)
O’Neil & Ghazzaly 
[1591
SP = 2.77 + 0.131Wj -  0.27wn; 
w„= natural moisture content.
(2.35)
Johnson [160]
S% =
23.82+0.7346xPI-0.1458xH-1.7xwo+(0.0025xPI)wo-
(0.00884XPI) XH;
S% =
-9.18+1,5546xPI+0.08424xH+0.1 Xw0-(0.0432xPI) Xw0; 
-(0.01215xPI) xH.
(2.36)
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References Description Eq.
Bandyopadhyay
[161] SP = 0.00114A2-5S9C3-44
(2.37)
Basma [162] SP = 0.00064PI137c1-37 (2.38)
Qok$a [163] SP = -121.807 + 12.1696MBV + 27.6579 logi|/j (2.39)
Erguler & Ulusay 
[164] Ps = -227.27 + 2.14Wj + 1.54WJ + 72.49yd-
(2.40)
Rao etal. [145]
SP = 4.24ydi -  0.47Wj -  0.14^ -  0.06FSI -  55;
Ydi = dry unit weight; qi = initial surcharge;
FSI = free swell index.
(2.41)
Erzin & Erol [165] logPs = -4.812 + 0.01450Ip + 2.39yd -  0.0163Wi; log Ps = -5 .020 + .01383PI + 2.356yri.
(2.42)
Sabtan [166] SP = 1.0 + 0.06(c + P l-W i); Ps = 135.0 + 2.0(c + PI -W j).
(2.43)
Azam [167] SP = 0.6PI1188 (2.44)
Yilmaz [168] SP = 2.0981e~1,7169IL;IL= Liquidity index = [(wi-w)-PI],
(2.45)
Tiirkoz and Tosun 
[169]
SP= -5 7 .8 6 5 + 37.076pd +  0.524MBV+e; 
£ = mean-zero Gaussian random error term.
(2.46)
Cimen etal. [146]
(SP)i = (0.3139y[}3552 -  0.1177wf-4470)PI0-9626; 
(logPs)i = 0.0276PI -  365.21lYj2-4616 -  0.0213wi + 
2.2292;
(SP)2 =  (0.4768y^3888 -  O.OOSSwj1-6045)? !0-7224; 
(logPs)2 = 0.0239PI -  1285.3723yd3,2768 -  0.039wj +
2.3238;
SP = mean (SP1(SP2); 
log Ps = mean [(logPs)!, (logPs)2]
(2.47)
Zumrawi [170]
SP = 24.5(q)—0-26(IPc)1*26[Fj -  7.1(q)022(Plc)1-26];
q = surcharge;
Fi = initial state factor.
(2.48)
Vanapalli et al. 
[171]
t \
H KP
- = C, 1 + e0' - io ( i v
H = thickness of the soil layer;
Pf (= oy + Aoy -  uWf) = final stress state; 
P's = corrected swelling pressure;
K = correction parameter;
Cs = swelling index; 
oy = total overburden pressure;
Aoy = change in total stress; 
uWf = final pore-water pressure; 
eo = initial void ratio;
Cw = suction modulus ratio;
Aw = change in moisture content.
(2.49)
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2.11.2 Oedometer Test Methods
Oedometer-based methods are widely used because of their simplicity compared 
with the other two methods. The oedometer test can be used to find void ratio (initial and 
final), SP%, swelling index and swelling pressure. Because this test is done in fully 
saturated condition, oedometer-based methods predict maximum possible heave. Tables
2.11 and 2.12 (Eq. 2.50 to 2.54) summarize these methods. Current refined oedometer- 
based methods are largely functions of index parameter. The most common ones are 
swelling index (Cs) and heave index (Ch). Burland [172] first proposed using the slope of 
the rebound curve from the consolidation swell test, and later Fredlund [173] showed the 
rebound curve slope found from the constant swell test is approximately same as the 
slope found from the rebound curve of the constant volume test. The Fredlund [173] 
method and the Nelson & Miller [31] method use test results found from both the 
constant volume test and consolidation-swell test. Nelson et al. [174] and Bonner [175] 
later presented a method of estimating the index properties only found from the 
consolidation-swell tests. Later, Nelson et al. [176] proposed a method to determine SP% 
as a function of inundation pressure.
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Table 2.11 Heave Prediction Tests Using Oedometer [7,31,143]
Name of the 
Method Location Description
Double 
oedometer 
method [138]
South
Africa
Two tests performed on adjacent samples: a 
consolidation-swell test under a small surcharge 
pressure and a consolidation test performed in a 
conventional manner but at natural moisture content. 
The analysis accounts for sample disturbance and 
allows simulation of various loading conditions and 
final pore-water pressures.
Volumenometer 
method [177]
South
Africa
Uses specialized apparatus; air-dried samples were 
inundated slowly under overburden pressure.
Sampson, 
Schuster & 
Budge method 
[178]
Colorado,
USA
Two tests performed on adjacent samples to simulate 
highway cut conditions: a consolidation-swell test 
under overburden surcharge and a constant volume- 
rebound upon load removal test.
Noble method 
[179] Canada
Consolidation-swell tests of remolded and undisturbed 
samples at various surcharge loads to develop 
empirical relationships for Canadian prairie clays.
Sullian and 
McClelland 
method [ 180]
USA Constant volume test samples initially under overburden pressure on inundation.
Komomik, 
Wiseman & 
Ben-Yacob 
Method [181]
Israel
Constant volume tests at various depths and swell- 
consolidation tests at various initial surcharge 
pressures representing overburden plus equilibrium 
pore-water suction used to develop swell versus depth
curves.
Navy method 
[182] USA
Swell versus depth curves determined by 
consolidation-swell tests at various surcharge pressures 
representing overburden plus structural loads.
Wong & Yong 
method [183] England
Swell versus depth is determined as in the Komomik, 
Wiseman & Ben-Yacob method and Navy method, but 
surcharge loads of overburden plus hydrostatic pore- 
water pressures are used.
USBR method 
ri84i USA
Double sample test: a consolidation-swell under light 
load and a constant volume test.
Direct model 
Method [185]
Texas,
USA
Consolidation-swell tests on samples inundated at 
overburden or end-of-construction surcharge loads.
Simple
Oedometer
[186]
South
Africa
Improved from double oedometer test. The single 
sample is loaded to overburden, then unloaded to 
constant.
Mississippi 
State Highway 
Dept, method 
[187-189]
Mississippi
USA
Consolidation-swell tests on remolded or undisturbed 
samples inundated at overburden surcharge loads.
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Name of the 
Method Location Description
Controlled 
strain test [190]
Colorado,
USA
Constant volume swells pressure obtained on 
inundation followed by incremental, strain-controlled 
pressure reduction.
University of 
Saskatchewan 
[1421
Canada Constant volume test with the procedure including sample disturbance and apparatus deflection.
Sridharan, Rao 
& Sivapullaiah 
method [191]
India
Tested results from three methods: a) conventional 
consolidation tests, b) equilibrium void ratios for 
different consolidation loads and c) constant volume 
method are combined to study the swelling pressure of 
expansive soil. Results show that method a) gives an 
upper bound value, method b) gives the least value, 
and method c) gives the intermediate value.
Erol, Dhowian 
& Youssef 
method [192]
Saudi
Arabia
Assessment of the various oedometer test methods of 
ISO (improved swell oedometer test), CVS (constant 
volume swell test) and SO (swell overburden test) is 
used for heave prediction.
Shanker, 
Ratnam & Rao 
method [193]
India
Studied the multi-dimensional swell behavior by 
testing cubic soil samples in oedometers; swelling of 
samples is allowed to occur in 1, 2 or 3 dimensions 
under a token surcharge.
Al-Shamrani & 
Al-Mhaidib 
method [194]
Saudi
Arabia
The stress path triaxial cell and oedometer are used to 
evaluate the vertical swell of expansive soil under 
multi-dimensional loading conditions; several series & 
triaxial swell tests were conducted in which the 
influence of confinement on the predicted vertical 
swell was evaluated.
Basma, 
Al-Homoud & 
Malkawi 
method [195]
Jordan
Two commonly used methods, the zero-swell test and 
the swell-consolidation test; and two relatively new 
techniques, "restrained swell test" and "double 
oedometer swell test" are used to study the swell 
pressure of the expansive soil. The restrained swell test 
is believed to give more reasonable results for swell 
pressure determination and thus is considered to 
resemble field conditions more closely.
Subba Rao & 
Tripathy 
method [196]
India
One-dimensional oedometer is used to study the swell- 
shrinkage behavior of the compacted expansive soil. 
The compression-rebound tests were conducted on 
aged and un-aged compacted specimens by 
incrementally loading them up to a certain surcharge 
and then unloading, and the cyclic swell-shrinkage 
tests were carried out in fixed-ring oedometers with the 
facility for shrinking the specimens at fixed 
temperature under constant surcharge pressure.
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Table 2.12 Summary of the Oedometer-Based Methods
Author Description Eq.
Department of the 
Army [197]
AH = H - ^ - l o g f e | ;
1 +  e0 ( Of
CDA = Department of Army heave parameter or DA 
heave index; 
eo = initial void ratio of the soil layer;it
ctCs  -  swelling pressure from CS test; andti
af= final vertical effective pressure.
(2.50)
Fredlund [173]
4H=Hi +V ° #
Hi = thickness of the ith layer;
Pf ( =  oy + Aoy -  uwf) = final stress state; 
Ps = corrected swelling pressure;
Cs = swelling index; 
oy = total overburden pressure;
Aoy = change in total stress; 
uwf = final pore-water pressure; 
eo = initial void ratio.
(2.51)
Dhowian [156]
4 h = h i  +seM :};
Cs = swell index;
Ps = swelling pressure;
Po = effective overburden pressure.
(2.52)
Nelson & Miller 
[31]
AH = H r ~ — lo g j-r^ -j;
1 +  eo ( a cvJ
Cp = heave index;i
a cv= swelling pressure from constant volume swell
test;i
of = vertical stress at the midpoint of the soil layer for 
the conditions under which heave is being computed.
(2.53)
Nelson et al. [ 198]
AH =  H C „ ] o g j^ l |;
%S
C h  - ..........; ...~ j i ......7 /
■-WU
CH = heave index;
Ocv -  swelling pressure from constant volume swell
test;
aj'= vertical stress at the midpoint of the soil layer for 
the conditions under which heave is being computed.
(2.54)
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2.11.2.1 Department of the Army (1983) The first approach was proposed by the 
US Department of the Army (Fig. 2.20) [197], where two approaches are described to 
find the soil heave using the consolidation swell (CS) test. C d a  and C h  expressed in E q. 
2.55 and 2.56 are basically similar where the first one is found from the loading curve of 
the constant swell consolidation test and the second one is found from the loading curve 
of the constant volume consolidation test.
Typical
Consolidation-Swell 
Test Curve
\  b x  \ cda[0 nv^
(1 +eo)CH!/"K
Department of Army (1983) 
Fredlund (1983)
Nelson and Miller (1992) 
See Figure 6.4
Cs)nm (3
(Cs)f '2)
i CV w cs
APPLIED STRESS (LOG SCALE)
Fig. 2.20 Comparison of Different Heave Parameters [11]
Ae Ae
'DA log CTcs-l°g ai loglog
H
CTCS
[« i
(2.55)
'H
Ae
logacv-logcq
Ae
log ffcvII
(2.56)
2.11.2.2 Fredlund Method (1983) Fredlund [173] proposed a method to predict 
soil heave using its constant volume consolidation test data. In this process, the soil 
sample was put in a water bath with a token pressure (7 kPa). An equation that can be 
used to calculate the 1-D heave in expansive soil using the constant volume swell (CVS) 
oedometer test resulted. The main two parts of Eq. 2.51 are swelling pressure and 
swelling index. In this process, matric suction was brought to zero by making the soil 
sample inundated. Once the soil swelling was started, the total stress on the soil sample 
was increased to make the volume change zero. This process was continued until the soil 
did not show any more tendency to swell. The applied load at that point was referred to as 
“uncorrected swelling pressure.” This “uncorrected swelling pressure” was believed to be 
the result of sample disturbance. Figure 2.21 shows the ideal stress path of the test and 
sampling disturbance. The swelling pressure needed to be corrected to get the corrected 
swelling pressure. Casagrande [199] proposed an empirical construction that can be 
applied to the laboratory-measured compression curve for the determination of pre­
consolidation pressure. Fredlund et al. [82] explained the procedure of the correction 
(Fig. 2.22). First, the point with maximum curvature is located, and two lines are drawn 
from that one. One line is parallel to the horizontal axis, and the second one is the tangent 
of the curve going through that point. Then a bisector is drawn in the angle formed 
between these two lines, and finally, a line tangential to the recompression curve is 
drawn. The intersecting point between the bisector line and the recompression curve 
tangential line is the corrected swelling pressure.
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Fig. 2.21 Ideal and Actual Stress Paths Showing Effect of Sampling Disturbance 
[82]
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Fig. 2.22 Procedure to Find Corrected Swelling Pressure [82]
2.11.2.3 Nelson and Miller (19921 Nelson and Miller [31 ] proposed a method 
based on the method given by Fredlund [173], where they described how, from the slope 
of the constant swelling consolidation test, rebound curve swelling index (Cs) can be 
found. This method employs an unrestrained shrinkage test on an undisturbed soil 
sample, using a resin coating technique. Irregular lumps of soil can be used. The volume 
of the sample is determined as a function of its moisture content as it dries, providing a 
volume change index. The method has been found capable of providing reliable ground 
movement predictions [31] but is limited to situations where ground movements occur 
under relatively constant net stress conditions [200].
2.11.2.4 Relationship Between CS and CVS Swelling Pressures (the M Method! 
Swelling pressure found from the CS test is significantly higher than the swelling 
pressure found from the CVS test due to crystalline and osmotic swell [11,31]. Most of 
geotechnical engineering labs are equipped only to perform constant swelling 
consolidation tests. But some of the oedometer-based methods use C h  value, which can 
only be found once the <Jcv 1S known. Using the m-method, a relation can be found 
between acV and Oc'5 as shown in Eq. 2.57.
l o g a ,v  =  125^ 06=1 { 2 5 ? )
The parameter, m, depends on the particular soil, its expansive nature and other 
properties of the soil. Figure 2.23 shows the graph to find the m value for a particular
6 1
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f i l l
. . .1 1
30 35 40
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Sample Number 
Fig. 2.23 Calculated Values of m Sorted by Value [11]
2.11.3 Soil Suction Methods
The suction method, which is based on suction stress state, gives a more reliable 
measure of one-dimensional heave. Table 2.13 summarizes different suctions based on 
methods (Eq. 2.58 to 2.74).
The swelling pressure and the 1-D heave in expansive soil can be more reliably 
measured or calculated using soil suction methods because they are based on the 
information of the stress state (i.e., suction). In these methods, the influence of suction is 
considered using different parameters. Several heave prediction formulations based on 
soil suction methods proposed by various researchers are summarized in this section.
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Table 2.13 Summary of Soil Suction Methods [7,11,13,143,144]
References Description Eq.
Richards [205]
_  H (wf -  wi)GS 
3 (100 + WjGs) '
AH = soil heave;
H = soil layer thickness;
Wi= initial moisture content (measured);
Wf = final moisture content (estimated in terms of the 
equilibrium matric suction);
Gs = specific gravity.
(2.58)
Aitchison [141]
s
AH = IPtAuAh;
J 0
AH = surface movement;
Ipt = instability index of the soil;
Au = change in suction, in pF units, at depth z; 
Ah = thickness of the soil layer under consideration; 
Hs = depth of the design suction change.
(2.59)
Lytton [206]
AH = Yh l°gio(hf/hi) “  Ycrlogiofaf/ai); 
hf, hi = final and initial water potentials;
Of = applied octahedral normal stress;
Oi = the octahedral normal stress above which overburden 
pressure restricts volumetric expansion;
Yh, Yo = two constants characteristic of the soil.
(2.60)
Johnson & 
Snethen [51]
CT h0  
AH = H-—-—log-— — ;
1 + eg hf + otcTf
txGcCT = ---- —;
T 100B’ 
logh0  = A -  Bw0;
H = the stratum thickness;
Ct = suction index; 
a = compressibility index; 
eo = initial void ratio; 
hf = final matric suction, kPa;
Of = final applied pressure, (overburden + external load), kPa; 
ho = matric suction without surcharge pressure, kPa.
(2.61)
Fredlund [4]
H-
AH= 1 J.O [ctAl°g(a ua) + CmAlog(ua uw)]; i  ■+• e0
AH = soil heave;
Hi = thickness of the i* soil layer; 
n = total number of soil layers considered;
ei = void ratio of the ith soil layer;
Ct = compressive index with respect to total 
stress;
Cm = compressive index with respect to matric 
suction;
(o -  ua) = total stress;
(ua -  uw) = matric suction.
(2.62)
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References Description Eq.
Snethen [46]
CtAH = H (A Bw0) log(xmf + aof) ;
1 + e0
ct = ^ ; logTm = A -B w 0;
Ct = suction index; xmf = final matric suction;
Of = final applied pressure (overburden + external load); 
a = compressibility factor;
A, B = constants (y-intercept and slope of soil suction versus 
moisture content curve, respectively).
(2.63)
McKeen [207]
AH = —YhHlog^;
Yh= , = Ch logAxfs;
ehj
Ch = (-0 .02673) -  0.38704; f =\d^ y/ 3
s = 1 -  0.01(%SP);
yh = suction compression index; 
hf, hi = final and initial weighted suction, respectively; 
Av/vi = volume change with respect to initial volume; 
Ch = suction compression index;
At = suction change in pF; 
f = lateral restraint factor;
Ko = coefficient of earth pressure at rest, equal to 1; 
s = coefficient for load effect on heave;
SP = percent of swell pressure applied.
(2.64)
Mitchell & Avalle 
[208]
ah~= ............................
Ipt = instability index; Au = soil suction change.
(2.65)
Hamberg & 
Nelson [209]
AH = H J^A w ; Cw = ^ ;
l + e 0 w  A w
AH = H ^ -lo g (h ) i ;Ch = CwDh;
Cw = suction modulus ratio;
Aw = change in moisture content;
Ch = suction index with respect to void ratio;
Dh = suction index with respect to moisture content.
(2.66)
Wray [210]
AH = Hyh(ApF -  ApP);
AH = shrinkage or swell over vertical increment;
H = vertical increment over which shrink or swell 
is occurring;
Yh -  suction compression index;
ApF = change in soil suction over vertical increment; 
ApP = change in soil overburden over vertical increment.
(2.67)
Hamberg [25]
AH = (ChA log h)j 
1 +  e0
AH = soil heave;
Hi = thickness of the ith soil layer;
eo = initial void ratio;
Ch = suction index with respect to void ratio;
h = soil suction;
n = number of layers to a depth of the active zone.
(2.68)
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References Description Eq.
Dhowian [156]
AH = (L, =l+e0 6  i|/f’ V 100B’
AH =  H i+pS (wf wi); AH =  HCw(w f W j); ltej
Cw = Cm = suction index;w l+e0 v
\|/i = initial suction; v|/f= final suction; 
a = volume compressibility factor;
B = slope of suction versus moisture content relationship; 
Gs = specific gravity of solid particles.
(2.69)
Lytton [211]
AV , PM  . K l i PM 
v = - y+” ,ogU J - Y» , og< .  Y* > g U :
AV/V = volumetric strain; 
iftmi, i/>mf = initial and final matric suction; 
a" , fff = initial and final mean principal stress; 
t/>oi, xpof= initial and final osmotic suction; 
yt/»m = matric suction volumetric compression index; 
yo = mean principal stress volumetric compression index; 
yipo = osmotic suction volumetric compression index.
(2.70)
Fityus & Smith 
[2 1 2 ]
AH = HIv a ( w 0j -  w of); AH = HCw (w f -  wt);
Iv -  volume index; 
a = empirical factor accounting for confining stress 
differences in lab and field; 
woi = average initial moisture content; 
wof = average final moisture content, respectively; 
ov = vertical stress at the midpoint of the layer.
(2.71)
Cover & Lytton 
[213]
/AV\ hf Of
\"v")[ = _Yh hi ~ Yo ' 
Y(swelling case) + y(Shrinkage case)
Yh -  2
y(swellmg case) = ( 1 0 0  + l )  1 ;
1
y (Shrinkage case) = 1 3 ;
( 1 0 0  + 1 )
Sf = surface displacement; 
fi = lateral confine factor;
-  average volume strain;
Azi = thickness of i* soil layer; 
n = total number of soil layers considered; 
hi, hf = initial and final water potentials;
Of = applied octahedral normal stress;
Oi = octahedral normal stress above which 
overburden pressure restricts volumetric expansion; 
yh = matric suction compression index; 
y0 = mean principal stress compression index; 
COLE = coefficient of linear extensibility.
(2.72)
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References Description Eq.
Briaudetal. [214]
AH = Hf(Aw- Ew);
Ew = Aw(AV/V0); 
f=  (AH/H0 )(AV/V0);
Ew = shrink-swell modulus, slope of the moisture content 
versus the volumetric strain line; 
f = shrinkage ratio, the ratio of the vertical strain to the 
volumetric strain.
(2.73)
Lytton etal. [215]
(v)uhH nk,g,  = - yi' l0 g © - Y'’ l0 6 S ) ;
AH = surface displacement; 
f = crack fabric factor = 0.67 -  0.44 ApF, 1/3 < f 
< 1 -0 ;
( ir )  = v°lume strain;
Azi = the ith depth increment; 
n = number of depth increment; 
hi, hf = initial and final values of matric suction; 
Oi, Of = initial and final values of mean principal 
stress;
yh = matric suction compression index;
Yo = mean principal stress compression index 
= Cc/(l+eo);
ApF = change of suction;
Cc = compression index; 
eo = void ration.
(2.74)
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2.11.3.1 Aitchison (19731 Method One of the earliest suction-based models, this 
model was initially proposed for investigating foundation on expansive soil [2 0 1 ]. 
Equation 2.59 shows the Aitchison proposed equation. Instability index (Ipt) came from 
the experimentally observed ratio of vertical strain to suction change [202, 203]. 
Instability index is similar to suction index (CT) or compression index (yh) [143]. Three 
methods were specified by the Australian Standard for the design and construction of 
residential slabs and footing in the AS 2870-1996 [204] to estimate instability index.
1) Laboratory tests: Using suggested tests, including 1) shrink-swell test, AS 
1289.7.1.1 - 1992; 2) loaded shrinkage test, AS 1289.7.1.2 - 1992; and 3) core 
shrinkage test, AS 1289.7.1.3 - 1992
2) Data Correlation: Finding correlations between the shrinkage index and other 
clay index tests
3) Visual-tactile identification: Using an experienced engineer or engineering 
geologist to identify soil.
The mentioned above methods were widely practiced in geotechnical engineering, 
especially the third method, which was named the visual-manual method [2 0 1 , 2 1 2 , 216]. 
This method includes a visual inspection of the soil and manually molding and kneading 
the soil to estimate its plasticity index, which makes this method highly classifier- 
dependent, time-consuming, expensive and difficult [2 0 1 ],
2.11.3.2 Hamberg & Nelson 119841 Methods Hamberg and Nelson [209] 
proposed a simplified method to predict heave using the CLOD test. The CLOD test 
provides the relationship between the changes in moisture content and the change in 
volume. Equation 2.66 shows the method, and the details of the method are described in
Nelson and Miller [31]. The CLOD is a special form of COLE test [217]. The COLE test 
was introduced to predict the heave underneath airfield pavements [69, 218]. Figure 2.24 
shows the procedure of the CLOD test. The slope pf the curve in Fig. 2.24 is the suction 
modulus.
Void ratio
Shrinkage curve 
Sf <100% - v
Ae
Saturation line
®o
W»w„
Water content
Fig. 2.24 Measuring Cw from Moisture Content versus Void Ratio Relationship 
(Modified after [25]).
Equation 2.66 has a major limitation, which is that it only considers suction 
change induced heave without considering effective stress on the soil. It was observed 
that generally the initial water content near the surface did not fall much below the 
shrinkage limit when the maximum water content under the simulated floor slab did not 
significantly exceed the plastic limit [25]. In Fig. 2.25, these values represent the 
minimum and maximum water contents at the surface for the initial and final water 
content profiles.
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Fig. 2.25 Idealized Moisture Boundary Profile [25]
2.11.3.3 Lytton (1977.1994) Method In 1977, Lytton [206] proposed a method to 
predict heave based on a simple laboratory test and some field observations of the 
shrinkage crack network. Equation 2.75 gives the volumetric strain.
”  =  Yh logioChf/hi) -  y 0  logioOf -  <h) (2.75)
Here, the first term is the volumetric strain due to suction change. The second 
term, which has a negative sign, is only considered with increasing depth until the strains 
become zero [155].
In 1994, Lytton [211] proposed Eq. 2.70, consisting of three stress state variables 
to predict soil heave. Three stress states include matric suction, osmotic suction and mean 
principal stress. Among these three, the major heave causing factor is the matric suction 
since osmotic suction rarely changes significantly, and mean principal stress change is 
nominal unless the soil is under significant surcharge. Lytton [211] also explained that
heave expressed as vertical strain can be estimated from the volumetric strain by using a 
crack fabric factor (f) using Eq. 2.76.
f  = f*[v] <2-76>
2.11.3.4 Johnson & Snethen (1978) Method Suction change in the active zone 
causes the major part of the soil heave. Johnson and Snethen [51] proposed Eq. 2.61 
based on the theory, as the soil got wet, the suction decreased, and the volume increased. 
Compressibility factor can be found from Table 2.14, and the matric suction can be 
measured by thermocouple psychrometer or filter paper method. The value of parameters 
A and B can be found from the suction vs. moisture content semi-log graph. Parameter A 
is the soil suction value at zero moisture content; B is the slope of soil suction vs. 
moisture content curve.
Table 2.14 Compressibility Factor [51]
Compressibility Factor (a) Condition
p II o PI <5
a = 0.0275*IP-0.125 5 < PI < 40
a =  1 PI >40
Snethen [46] suggested to consider four cases about the final (1) zero suction 
throughout the depth of active zone; (2 ) suction increasing linearly increasing with depth 
through the active zone; (3) saturated moisture content profile; (4) constant suction at 
some equilibrium value.
2.11.3.5 Snethen (1980) Method Snethen [46] proposed this method using soil 
suction data to predict soil heave. Figure 2.26 shows a typical SWCC graph where the
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suction in logarithmic scale. Soil suction without the external load and swelling pressure 
can be found using Eq. 2.77 and Eq. 2.78, respectively.
Ph
e
o
o
m to m20
Moisture content w (%)
Fig. 2.26 Soil Suction versus Moisture Content Relationships (Modified after Huang 
[13])
logxm =  A -  Bw0  (2.77)
logPs = A - ( 1 0 0 B e 0 /Gs) (2.78)
The equation provides predictions of in-situ heave of a soil with respect to soil 
composition, structure, initial and equilibrium moisture profiles, and confining pressures 
[144].
2.11.3.6 McKeen (1980. 1992) Methods Lytton [206] first introduced the suction 
compression index (yh) parameter, which was later used in a proposed method by
McKeen [207, 219] in Eq. 2.64. The required data are drying soil samples’ volume 
change and suction change measurements [219]. Data can be collected in one­
dimensional (oedometer test) or three-dimensional (COLE test) soil configuration. 
Suction compression index (yh) can be measured using the empirical relationship found 
from the statistical analysis [218]. Equation 2.79 is used when clay content (C) is 
between 40% and 70%; however, if  the clay content is between 25% and 70%, Eq. 2.80 
must be used.
where C = percent < 2 pm.
Using a Texas soil database, a correlation between suction potential index (dh/dw) 
and suction compression index (Ch) was attempted to classify soil, as shown in Eq. 2.81 
[218, 220, 221]. The relation was found to be linear as illustrated in Fig. 2.27. Olsen 
[2 2 2 ] explained that 85% of the Ch values are larger than would be predicted by the 
relationship. Table 2.15 shows McKeen’s soil classification.
yh =  0.00179C -  0.041 (2.79)
yh =  0 .0 0 0 5 7 C - 0 .00057 (2.80)
Ch =  ( -0 .0 2 6 7 3 )  -  0 .38704\aw/ (2.81)
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Fig. 2.27 Determination of the Suction Compression Index [144]
Table 2.15 McKeen’s Swelling Potential Categories [222]
Category Swell Potential
Suction
Potential
dh/dw
Suction Compression 
Index, Ch
I Very High (McKeen calls this category “Special Case”) > - 6 <-0.227
II High - 6  to - 1 0 -0.227 to -0.120
III Moderate -10 t o -13 -0.120 to -0.040
IV Low -13 to -20 -0.030 to non- expansive
Suction potential index (dh/dw) and suction compression index (Ch) are functions 
of type, structure, amount of clay content in the soil, pore-fluid chemistry of the soil, and 
finally, the geologic origin and history [144, 222].
2.11.3.7 Mitchell & Avalle (19841 Method Mitchell & Avella [208] proposed a 
simple method to predict soil heave, as shown in Eq. 2.65. The assumption behind this 
method was based on an experimental observation, which was that vertical strain is 
linearly proportional to soil suction for expansive soil [202,203]. Shrinkage testing was 
performed to measure the instability index (Ipt). The test procedure for measuring Ipt is 
given as follows: 1 ) two soil samples are needed; 1 ) one soil specimen is air dried for two 
days; 2 ) the length and mass of the sample are measured intermittently during these two 
days; 3) at the end of the test, the sample is oven dried to get the final moisture content;
4) the second soil sample is used to find the SWCC. Equation 2.82 shows the expression 
for the Ipt, which can be measured using the linear strain versus moisture content and 
moisture content versus suction graphs (Fig. 2.28). Mitchell & Avella [208] tried to find a 
simple relationship between Ipt and Ip. Unfortunately, after testing as many as 83 soil 
samples from Australia, they concluded there was no simple relationship between them.
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Fig. 2.28 Determination of Instability Index [144]
2.11.3.8 Dhowian (1990) Method In 1990, Dhowian [156] proposed a method to 
measure heave in expansive soil. The method was determined from the extensively 
instrumented field stations. The investigation was taken on a site located in the town of 
Al-Ghatt, Saudi Arabia. Interestingly, no montmorillonite mineral was found in the clay 
fraction of the shale (Fig. 2.29).
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Fig. 2.29 X-ray Diffraction Patterns of AI-Ghatt Shale [156]
Heave was predicted using both oedometer and suction-based methods, and both 
were checked with the actual heave. Undisturbed shale samples were tested using the 
improved oedometer tests (ISO), constant volume tests (CVS) and swell overburden tests 
(OSO). Figures 2.30 and 2.31 show the results.
CUMULATIVE HEAVE, mm * 10
30
E
S
£LU1O
•  M easured
O Predic ted  (IS O ) 
a  Predicted (CVS)
Fig. 2.30 Predicted and Measured Heave Based on Oedometer Technique [156]
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Fig. 2.31 Predicted and Measured Heave Based on Suction Method [156]
Dhowian [156] concluded that the discrepancy between the experimentally and 
field-determined parameters was because of 1 ) the tested samples were carefully selected 
from the specified location and depth, and due to their small size, they tended to be more 
homogeneous and less contaminated by non-expandable materials; and 2 ) the samples in 
the oedometer chamber wee laterally restrained; thus, the volume increase took place in 
the vertical direction only, whereas the field vertical movement constituted a fraction of 
the volume change.
2.11.3.9 Fitvus & Smith ('1998') Method In 1998, Fityus and Smith [212] 
presented Eq. 2.71, which can predict soil heave within the active zone. This method has 
some assumptions, including ( 1 ) the change in moisture content will always correspond 
with the same change in strain, (2 ) volume index (Iv) is applicable to predict both 
swelling and shrinking behavior, and (3) use of factor a of 0.33 will accommodate 
between one and three-dimensional volume changes. One of the main parameters of this 
method is the volume index (Iv), which can be found from a series of one-dimensional
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swell tests in which a soil sample is allowed to swell under a token pressure that is equal 
to the calculated vertical stress experienced under field conditions. Figure 2.32 shows the 
process of finding volume index of Maryland clay.
0.020
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K0.010
lv= 0.019 - 0.034log(trJ
0.005
0.000
10
Net normal stress (surcharge) (kPa)
Fig. 2.32 Estimation of the Volume Change Index (Iv) for Maryland Clay [144]
2.11.3.10 Briaud et al. (2003) Method In 2003, Briaud etal. [214] proposed a 
method based on moisture content to estimate the soil heave. The step-by-step procedure 
of the Briaud method is as follows: 1) first determine the depth Zmax of moisture content 
fluctuation, and break the depth Zmax into an appropriate number of n layers, hi being the 
thickness of layer i; 2) collect samples at the site within Zmax depth; 3) perform shrink 
tests and find shrink-swell modulus (Ew) and shrinkage ratio (f); 4) determine the change 
in moisture content, Aw, as a function of depth within Zmax; 5) for each layer i, calculate 
the shrink or swell movement Ahi of that layer by using Eq. 2.73.
Two important parameters of the method shrink-swell modulus (Ew) and 
shrinkage ratio (f) come from the shrinkage test. The test procedure is given as follows:
1) the soil sample needed to be trimmed to the recommended 75-mm diamxl50-mm
high; 2) at time t = 0, weight Wo, height Ho and diameter Do of the sample needed to be 
recorded with a minimum of three heights and three diameter measurements for each 
height at 120° intervals being recommended; 3) after that soil sample is air dried, weight 
W , height H and diameter D  needed to be recorded at different time intervals, and Briaud 
[214] suggested recording readings every hour for the first 8 h, recording a minimum of 
three height and three diameter measurements for each height at 1 2 0 ° intervals during 
each reading for two days to obtain sufficient data; 4) once the last reading was taken, the 
soil sample needed to be oven dried and weighed; 5) the whole time temperature and the 
relative humidity needed to be monitored; 6 ) finally, the AH/Ho versus AV/Vo and w 
versus AV/Vo graph f  and Ew were plotted and measured.
2.12 Soil Stabilization 
The volume change behavior of expansive soil can be minimized by adding 
cementitious materials to it. The common cementitious materials are cement and lime. 
Nowadays geopolymer cement is also used as an alternative to cement and lime. Other 
ways include cut and fill method or placing geotextile inside the subgrade. The advantage 
of geopolymer material over Portland cement is still not widely known. Portland cement, 
if used in construction, will have a design life of about 50 years and maybe 100 years for 
bridge engineering, which is not found in real life due to the original design and construction 
errors, potential damages caused by mechanical actions and environmental effects, and 
changes in functionality, etc. [223]. Davidovits [224] described in the book titled Why the 
pharaohs built the pyramids with fake stones? that the Egyptians already knew how to build 
huge concrete blocks that can last for thousands of years, and they used geopolymers as 
construction materials. The key ingredient of geopolymer is Fly ash (FA) which is one of the
coal combustion products. The American Coal Ash Association (ACAA) in its coal 
combustion products (CCP) production & use survey for 2014 [225] reported an annual fly 
ash production of approximately 51 million tons in the USA. Among them only 23 million 
were put to a productive use, leaving 28 million to be placed in storage lagoons at a 
significant cost. Fly ash disposal costs are expected to increase due to pending government 
regulations aimed at regulating fly ash disposal. Storage lagoons, commonly used as long­
term storage facilities, also pose a potential environmental hazard in case of a spill, such as 
the one that took place in Kingston, Tennessee, on December 22, 2008, when an ash storage 
lagoon failed to release 2.6 million cubic yards of ash into Emory river near a residential area 
[226], In recent years, the new application of geopolymers as a soil stabilizer has emerged.
In industry, most commonly used stabilizers are either cement or lime. Using 
geopolymer as an alternative to expensive cement or lime has been seriously evaluated 
recently. Using activated fly-ash-based geopolymers for soil stabilization has limited 
application due to its corrosive activators (i.e., sodium hydroxide and sodium silicate). In 
this research, for this reason, more practical add-water geopolymer was used.
The department of transportation (DOT) in various states established its own criteria 
for modification and stabilization. In the following paragraphs, soil stabilization standards 
and specifications for Louisiana and its neighboring states will be discussed in brief.
Louisiana - From Tables 2.16 and 2.17, LADOTD 2016 specifications required 
cement or lime far less than their 2006 specifications. According to Tables 2.16 and 2.17, it 
can be concluded that 1 ) cement percentage has significantly reduced, 2 ) there is no 
specification for GPC-based soil stabilization, and 3) there is no stabilization standard for 
soils with a PI value higher than 35 (i.e., Moreland clay).
80
Table 2.16 LADOTD 2016 Specification [227]
Plasticity Index (PI) Lime/Cement (% Volume)
0-15 6 % Cement
16-25 6 % Lime + 6 % Cement
26-35 9% Lime + 6 % Cement
Table 2.17 LADOTD 2006 Specification [228]
Plasticity Index (PI) Lime/Cement (% Volume)
0-15 9% Cement
16-25 6 % Lime + 9% Cement
26-35 9% Lime + 9% Cement
Texas -  According to 2005 TxDOT, there is a standard and specification for 
subgrade and base stabilization by either cement, lime or fly ash. Figure 2.33 shows the 
subgrade stabilization specification and Fig. 2.34 shows base stabilization specification. 
[229, 230]
Oklahoma -  According to the Oklahoma DOT, stabilization additive shall be 
determined by the AASHTO group classification. Figure 2.35 shows the stabilization 
table.
New Mexico -  According to NMDOT published manual, “Standard Specifications 
for Highway and Bridge Construction,” the subgrade must be in accordance with the 
State Materials Bureau’s mix design [231]. Unfortunately, no detailed information was 
found about the percentage of cement or lime that must be used.
81
PI < 15 15 <  PI <  35 PI > 3 5
Subgrade 
>  25% Passing N o. 200 Sieve
Sieve Analysis & Atterberg 
Limits
Lime 
Lime-Cement 
Lime-Fly Ash (FS)
Cement 
Asphalt (PI<6) 
Lime-Fly Ash (FS)
Lime 
Lime-Cement 
Lime-Fly Ash (FS) 
Fly Ash (CS) 
Cement
Fig. 2.33 TxDOT Subgrade Stabilization Specification [229]
PI >  12PI <  12
Sieve Analysis & Atterberg Limits
Base < 25% Passing No. 200 Sieve
Cement 
Fly ash (CS) 
Asphalt (PI <6 ) 
Lime
Lime-cement 
Lime-fly ash (FS) 
Lime 
Cement
Fig. 2.34 TxDOT Base Stabilization Specification [230]
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SOIL STABILIZATION TABLE
ADDITIVE
(Expressed as a 
percentage added on 
oven dry basis)
SOIL GROUP CLASSIFICATION - AASHTO M145
A-1 A-2 A-3 A-4 A-5 A-6 A-7
A-1-a A-1-b A-2-4 A-2-5 A-2-6 A-2-7 A-7-5 A-7-6
PORTLAND CEMENT 4 4 4 4 4 4 5 V V
FLY ASH 12 12 13 14 14 14
CEMENT KILN DUST 
(Pre-Calciner Plants)
5 5 5 5 5 5 6
CEMENT KILN DUST 
(Other Type Plants)
10 10 10 11 11 11 12 12 12
HYDRATED LIME* 4 5** 5”
Fig. 2.35 Oklahoma DOT Soil Stabilization Specification [232]
Arkansas -  According to Arkansas State Highway and Transportation 
Department, if lime is used to stabilize subgrade soil, then the mixture shall not contain 
more than 8 % lime by weight. For base course treatment done by cement, the mixture 
shall not contain more than 4% cement by weight. Fly ash may be used as a partial 
replacement for cement but not more than 25% [233].
Indiana -  According to Indiana DOT cement, lime or fly ash can be used to 
stabilize the subgrade soil, as shown in Table 2.18 [234],
Table 2.18 INDOT Soil Stabilization Specification [234]
Treatment Soil property Additive type Suggested amount
Stabilization
PI>10 and clay content
(2 p) > 1 0 %
Lime (quick lime)
If lime or lime byproduct 
is used: 4% to 7%
If cement is used: 4% to 
6 %
If fly ash C class is used: 
1 0 % to 16%
PI < 10 and < 20% 
passing # 2 0 0  sieve
Cement
Modification
PI > 5 and > 35% 
passing # 2 0 0  sieve
Lime
5<PI<20 and >35% 
passing # 2 0 0  sieve
Lime-fly ash 
blends
PI < 5 and < 35% 
passing # 2 0 0  sieve
Cement and/or fly 
ash (C class)
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2.13 Mechanism of Stabilization 
The soil stabilization mechanism can be portrayed as coating and/or binding of 
soil particle to form another output soil with improved characteristics [235]. The 
efficiency and effectiveness of the stabilizer depend on the type of soil to be stabilized, 
the type and properties of stabilizer, the associated moisture content during compaction, 
as well as the long-term moisture content. Furthermore, the effectiveness of the stabilizer 
can be measured by its ability to provide enough calcium to chemical reaction. Lime, 
Portland cement and fly ash materials are the most frequently used chemical stabilizers. 
Fly ash that possesses self-cementing property that can stabilize/treat soil without cement 
or lime is called class C fly ash, whereas the type often used either with lime or cement to 
make it more reactive is called class F or non-cementing fly ash. The mechanism of 
stabilization for these stabilizers is similar regardless of a few different processes. The 
overall stabilization process can be summarized into four different processes [236, 237]. 
All four processes (Cation exchange, Flocculation and agglomeration, Cementitious 
hydration, Pozzolanic reaction) will occur in cement treated subgrade soil, whereas in the 
case of lime treated soil cementitious hydration will be absent due to the lack of calcium 
aluminate hydrate (C-A-H) after hydration of the stabilizer [238],
2.14 Geothermal Energy 
Geothermal energy is one of the most promising renewable energy sources 
available in the world. The power source for geothermal energy is through using heat 
energy from the center of the earth to produce electricity, and it also uses the temperature 
difference between the soil and atmosphere to heat and cool buildings in different 
seasons. The earth’s core temperature can reach up to 7000 to 12000 degrees Fahrenheit,
which is caused by the slow radioactive decay of heavy elements at the earth’s core 
[239]. Through thermal conduction, the heat energy is then available at the earth’s 
surface. Worldwide there were a total number of 82 countries using geothermal energy 
2015, which was an increase of about 5.27 times over the last 10 years [240]. Among 
them, the US has become the world leader in usage of geothermal energy, generating 
over 3.5 GW in 2015, as illustrated in Fig. 2.36.
OPERATING CAPACITY (MW)
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Japan 
El Salvador 05
Costa Rica 04
Nicaragua 09  
Russia '7 
Papua New  Guinea 
Guatemala 
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Portugal 
China 
Guadeloupe 
Ethiopia
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42
40
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15
8
Fig. 2.36 Geothermal Power Operating Capacity by Country [241]
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2.15 Major Advantages of Geothermal Energy 
Compared with other sources of energy, geothermal energy has advantages,
including the following:
1. Reduced environmental impact -  It produces less CO2 emissions in the atmosphere and 
does not cause significant amounts of pollution.
2. Significantly reduced cost -  It does not need any fuels and maintenance cost is low as 
well.
3. Less land use -  A small footprint on land is required, and the equipment is built 
partially underground; thus, it is a type of energy that can be developed in the 
backyard of a small household.
4. Ease of access -  It is accessible everywhere, although only some resources can be 
profitably exploitable. It must be noted that technological advancement is moving 
quickly, and enhanced geothermal systems have made more resources available with 
lowered costs.
5. Independence of weather -  As compared with many other types of renewable energy, 
such as solar energy, geothermal energy is not dependent on weather.
6 . Security -  It is excellent for meeting the base load energy demand, as opposed to other 
renewables, such as wind or solar energy.
2.16 Important Facts about Geothermal Energy
Lund and Boyd [240] explained in 2015 that worldwide consumption of only
direct-use geothermal energy was 592,638 TJ. Geothermal energy was produced at the
cost of very few harmful byproducts such as carbon, CO2 , SOx and NOx, compared to
traditional energy sources. It is estimated that a barrel (bbl) of oil equals 6.06x 109J of
energy, which means that 592,638 TJ of energy is equivalent to 282 million barrels or
42.3 million tons of oil. According to Lund and Boyd, that amount of oil is about 
equivalent to a three-day consumption of oil worldwide. They also summarized the 
research done by Lawrence Livermore Laboratory and private consultant Goddard and 
Goddard, which showed that if 592,638 TJ of energy as a form of electricity was 
produced from natural gas, oil or coal, a huge amount of carbon, CO2 , SOx and NOx 
would be produced, as shown in Table 2.19. Table 2.19 shows that if 592,638 TJ of 
energy as a form of heat was produced, the numbers would be halved. In the USA, there 
are many tax rebates available for renewable energy users, including those who are using 
geothermal energy. There is a complete database available, which was created and kept 
updated by the North Carolina Clean Energy Technology Center [242]. The work is 
funded by the US Department of Energy. The database includes in-depth information 
about how many different types of tax rebates or financial incentives are available for 
using geothermal energy. The rebates and financial incentives are provided by the federal 
government and are for each state government, including Louisiana. From the database, a 
total of 18 financial incentives is available for using geothermal energy in Louisiana for 
either residential or commercial purposes.
Table 2.19 Worldwide Direct-Use Savings in Energy of 2015, Carbon and
Greenhouse Gases using Geothermal Energy Including Geothermal Heat 
Pump in the Cooling Mode (Figures in Millions) in Terms of Fuel Oil (TOE 
= tons of oil equivalent, bbl = barrel of oil) [240]
Fuel Oil Carbon CO2 SOx NOx
bbl TOE TOE TOE TOE TOE
As electricity 352 52.8 46.1 149.1 1.03 0.031
As direct use 176 26.2 22.9 74.4 0.51 0.015
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2.17 Different Types of Geothermal Energy Systems and Their 
Potential Use in the State of Louisiana
There are mainly three types of geothermal systems available in the world: the 
hydrothermal system, the direct-use system, and the heat-pump system. Figure 2.37 is the 
geothermal resource map of the conterminous US, which shows that the western region 
of the US has higher heat flow than the eastern region, making it ideal for the 
development of the hydrothermal system. In reality, that’s why most of the installed 
hydrothermal power plants are in the western region of the US, especially in California 
and Nevada, as shown in Fig. 2.38. Based on Figs. 2.37 and 2.38, the most appropriate 
system might be the heat-pump system in Louisiana because the ground temperature is 
not as high as in the western region of the US. More explanation will be found in the 
following paragraphs.
Unfortunately, unlike other states, Louisiana does not provide any incentive 
towards geothermal energy compared to the generous tax breaks offered for wind and 
solar energy. For example, according to Louisiana Administrative Code (LAC): 61:1907, 
the incentive for using wind and solar energy is a Louisiana tax credit of 50% for the first 
$25,000 of spending, but there is no mention of incentives for using geothermal energy. 
The most notable incentive, which can be used in geothermal energy installation in 
Louisiana includes a federal government-provided 30% tax credit if certain efficiency 
criteria are met [243].
Geothermal Resource of the United States
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Fig. 2.37 Suitable Hydrothermal System Locations in the US [244]
Geothermal Power Generation
CuittKt yr<l M; iK$Me .y CMVtf)
(rw H iW .w  *>«•*»
i oa th  >a>4 *■. ► |a « » j  a***. *** a ear» *• ■«*<*?* vrv
HNREL
Fig. 2.38 Geothermal Power Generation Map in the US [245]
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2.18 Types of Geothermal System
A summary of all the three geothermal energy systems are given below (Fig.
2.39) and were taken from the US Energy Information Administration website and 
Missouri Department of Economic Development's Division of Energy website [239,
246]:
Hydrothermal System: In this type of system, ground water heated by geothermal 
energy is used to produce electricity, as shown in Fig. 2.39. This category of systems is 
further subdivided into three subtypes.
Dry Steam Plant: In this type of system, high pressure (geo-pressure) steam 
coming directly from the deep geothermal reservoir is used to produce electricity with the 
help of a turbine.
Flash Steam Plant: In this type of system, geo-pressured, high-temperature water 
is collected and then converted into steam. The steam is then used to turn the generator 
turbine. When the steam is condensed to water, it is injected back into the earth. Most of 
the hydrothermal plants follow this principal.
Binary Steam Plant: In this type of system, sometimes it is more convenient to 
make another liquid turn into steam compared to water. In this process, heat energy from 
the geothermal hot water is transferred to the second liquid, and using the steam of the 
second liquid, power is generated.
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Fig. 2.39 The Hydrothermal System [246]
Some preliminary studies of this hydrothermal system, which is also called an 
Enhanced Geothermal System (EGS), have been done in Louisiana. A part of the 
research was completed in 1981 near Cameron Parish where a 4825-m deep test well was 
used. The system kept running until it was shut down in October 1987. Over the four 
years, the test well produced more than 67 million barrels of brine and 676 MMscf 
(Million Standard cubic feet, the unit used in the oil industry) of associated gas. Eleven 
potential zones were selected where significant geo-pressure was found. However, a 
conclusion was made later that there was a major uncertainty about the overall reservoir 
size and longevity of the production [247], In 2009, a massive study was undertaken by 
Louisiana Tank, Inc. and Jordan Oil Company, Inc. The project had a grant of $5 million, 
which was funded by the Department of Energy in the same parish to make a definitive 
conclusion about the prospect of EGS in Cameron. In the final project report, some 
drawbacks were mentioned about the utilization of the hydrothermal reservoir, including 
the absence of Renewable Portfolio Standard (RPS) in Louisiana. Concerns expressed in 
the report included that the policy did not require utility supply companies to produce a 
specified fraction of their electricity from renewable energy sources. Because Louisiana’s 
policy makers are heavily dependent on the use of fossil fuel, it’s hard for any startup
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geothermal company to secure a power purchase agreement (PPA) with a utility company 
that might be interested in paying a premium price for the “green” energy. After a total 
spending of $867,850.84 out of $5 million, the project was closed [248, 249].
Direct Use System: In many locations in the US, hot water is available near the 
ground surface but not heated enough to be used in a hydrothermal system. The direct use 
of geothermal energy is a good option in these locations. The direct use system has been 
a popular option for many countries and some states in the US, such as Utah, Oregon and 
California. Its uses include heating domestic water, pool water, and water at fish farms, 
etc., raising plants in greenhouses, drying of fish and fruits, heating sidewalks and several 
industrial processes, etc. There is no evidence of the direct use of geothermal energy in 
Louisiana, possibly because there is no presence of heated water near the ground surface 
in Louisiana [239].
Heat-Pump System: In this system, no energy electricity is produced directly. 
However, this system significantly reduces requirements for heating, ventilating and air 
conditioning (HVAC) of residential and commercial buildings. This geothermal system 
takes advantage of the constant temperatures found just ten to fifteen feet underground. 
The difference between the atmosphere and soil temperatures is used to heat and cool 
buildings in winter and summer, respectively. The most common type is the open- or 
closed-loop system. In the open-loop system, fluid is not circulated in the high-density 
polyethylene (HDPE) pipe. Fluid comes into the system from the inlet and gets out from 
the outlet. A good example of the open-loop system is the surface water heat exchanger, 
as shown in Fig. 2.40. In a closed-loop system, the fluid constantly circulates in the 
HDPE pipe. The closed-loop system can be mainly divided into the horizontal and
vertical heat exchanger systems. In the horizontal closed-loop system, an HDPE pipe is 
generally laid in shallow-depth trenches. In the vertical closed-loop, system heat is 
exchanged with the soil using either a borehole or energy pile. In the borehole type, a 
heat exchanger HDPE pipe is laid vertically into the soil and then filled up with grout. 
This is mostly applicable for a residential building where space is limited around the 
building, and the building does not need any pile foundation for structural reasons. If the 
soil has less bearing capacity and pile foundation is a necessity, the HDPE pipe can be 
installed within the concrete piles, which are called energy piles. Figures 2.41 and 2.42 
show a borehole geothermal heat exchanger (GHX), and Fig 2.43 shows an energy-pile 
GHX. The heat-pump system has a huge potential in Louisiana as one of the world’s 
largest geothermal, heat-pump systems has been installed at Fort Polk Army base, 
Louisiana. Privately funded for about $18.9 million, the system provided heating and 
cooling energy for 4003 homes, saving annually $345,000 for 20 years during the 
contract period [250, 251]. Even after the contract expired, it was believed that the 
financial savings were about $2.2 million per year. This installation reduced electricity 
consumption by 26 million kWh (33%) and CO2 emission by 22,400 tons/year. The heat- 
pump, borehole heat exchanger system in Fort Polk is shown in Fig. 2.42. In north 
Louisiana, where a regular pile foundation is not necessary, the horizontal/vertical, 
borehole, closed-loop heat exchanger system can be an excellent solution. In south 
Louisiana, where pile foundation is utilized more frequently, the energy pile is more 
appropriate.
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Fig. 2.42 Borehole Installation in Fort Polk, Louisiana [251]
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CHAPTER 3
SOIL SAMPLING, LABORATORY EXPERIMENTS 
AND DATA ANALYSES
3.1 Introduction
To investigate the structural damage by expansive soil, its expansive nature must 
be investigated first. For the soil properties, the regular soil tests and tests done 
exclusively for expansive soil are performed. To get soil samples from Bossier parish in 
northern Louisiana, a permitted site is selected near Interstate 220 (1-220), next to The 
Pentecostals of Bossier City church, as illustrated in Fig. 3.1. The church already shows 
some structural damage due to the presence of expansive soil underneath its existing 
buildings. In the church location, there are visible cracks in multiple slab-column joints. 
These cracks are then recorded through a series of pictures. Figure 3.2 shows the 
foundation damage of the church. Another location is also chosen to investigate the 
intensity of expansive soil in northern Louisiana. Figure 3.3 is taken from Tacoma Blvd. 
in Caddo Parish. The location of the road is very close to the church. Interestingly, the 
road was constructed with geogrid, but the expansive nature of the subgrade soil is so 
severe that even with the presence of the geogrid the roads experienced numerous 
longitudinal cracks.
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Fig. 3.1 Location of the Soil Sampling Site (a) Near 1-220 (b) Top View of the 
Church
Fig. 3.2 Structural Damage in the Slab-column Joint Due to Expansive Soil
Fig. 3.3 Longitudinal Cracks in Roads in Caddo Parish, LA
3.2 Laboratory Experiments 
The objectives of the lab tests are to understand the severity of the expansive soil 
and to find enough information to predict volume change behaviors of the soil. All the lab 
tests can be divided into two categories. The first category refers to the regular soil tests, 
and the second category includes the tests for expansive soil only.
3.3 Soil Sampling
Expansive clay is obtained from a local test pit in Bossier City, Louisiana, in 
accordance with ASTM D1452-09 [255] for disturbed soil samples and ASTM 
D1587/D1587M-15 [256] for undisturbed soil samples. The samples are retrieved in
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sealed containers and transported to the Geotechnical Testing Laboratory at Louisiana 
Tech University.
3.4 Regular Soil Tests 
Regular soil tests are used to determine soil geotechnical index properties 
according to the following standard procedures.
3.4.1 General Soil Properties
The activity of soil is 1.37, average field void ratio is 1.27, and bulk density is 
1.24 gm/cm3. Liquid limit (79), plastic limit (28), shrinkage limit (9), plasticity index 
(51), field moisture content (32%) and saturated moisture content (52%) are also 
measured [257].
Figure 3.4 shows identification of soil using a USDA-provided “web soil survey” 
tool. In Fig 3.4, the soil collection site is selected as an area of interest in the interactive 
websoil survey tool and found marked as “MoA,” which means Moreland clay.
According to United States Department of Agriculture (USDA) soil taxonomy 
classification, it is Moreland clay, which is very fine, smectitic, thermic Oxyaquic 
Hapluderts. It is also very poor as a construction and road fill material and is expansive in 
nature [258], Using the “soil series extent mapping tool,” Moreland clay presence in the 
US is plotted (Fig 3.5). From Fig 3.5, it can be concluded that even though 4872710 acres 
of Moreland clay spreads over Louisiana, Arkansas and Oklahoma, most of it is present 
in Louisiana. After breaking the total acres down by individual county/parish, it is found 
that Caddo Parish (43580 acres) and Bossier Parish (31781 acres) have the fourth and 
fifth highest acres of Moreland clay, whereas Avoyelles parish (116293 acres) has the 
most acres of Moreland clay [258],
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3.4.2 Specific Gravity (Gs)
The specific gravity is measured following ASTM D854-10 [260], and it is 2.75.
3.4.3 Sieve Analysis
Using ASTM D422-63 [261], the grain-size distribution curve is plotted. The soil 
is found extremely fine, with 99% passing through the 0.075mm sieve.
3.4.4 Soil Classification
Soil classification is completed using the Unified Soil Classification System 
(ASTM D2487-11 [262]), and the soil is classified as Fat Clay (CH).
3.4.5 Standard Proctor Test
The soil compaction tests are conducted according to ASTM D698-12 (Method 
A) [263], using the standard compactive effort. The Moreland clay is air dried, 
pulverized, and sieved to obtain material finer than 0.075 mm. A known quantity of water 
is added to a known amount of clay, and the mix is covered using plastic wrap. The mix 
is compacted in three layers using 25 blows per layer in a 943 cm3 mold after an 
equilibration time of about 24 h. The gravimetric water content (w) is determined by 
ASTM D2216-10 [264] and used in conjunction with the measured sample weight and 
volume to determine the dry density (pa) using basic phase relationships. From Fig. 3.6, it 
is found that the maximum dry density is 14.52 kN/m3 (1.48 gm/cm3), and optimum 
moisture content is 27%. According to Marinho and Oliveira [265], the optimum water 
content is within ±5% of the plastic limit for cohesive soil. In the lab test, a similar 
relation is found.
104
1.55
a  150o
S
55 1.45
■o
a
£  1.40
cfi
s
•o
£> 1.35 
Q —A—Dry unit weight vs moisture content
□ Zero air void unit weight 
standard proctor test
1.30
1.25
40 4510 15 20 25 30 350 5
M o is tu r e  c o n te n t, w ( % )
Fig. 3.6 The Modified Proctor Test of Moreland Clay
3.4.6 Consolidation Test (Loading and Unloading Behaviors of Expansive Soil)
A consolidation test is performed to measure the compression index, swelling 
index and swelling pressure of the Moreland clay. Three undisturbed soil samples have 
been tested to find the initial void ratio, and the average value was found to be 1.27. From 
Fig. 3.7, the swelling pressure for initial void ratio is found to be 120 kPa. Disturbance in 
soil structure during collecting from the field may result in a reduction of the swelling 
pressure [11]. Percentage error in the swelling pressure can be in excess of 100%, and the 
swelling index up to 50% [266], A graphical procedure, which was proposed by Fredlund 
et al. [82], has been adopted for the swelling pressure correction. The corrected swelling 
pressure is found to be 180 kPa. The compression index (Cc = 0.36) and the swelling 
index (Cs = 0.11) are determined from the slope of the loading curve and the rebound 
curve in Fig. 3.7. The Cs fell within the range typical of inorganic silty clays, which is in 
between 1/4 or 1/5 of Cc [267]. The relatively high Cs/Cc ratio indicates the samples 
collected from the field are stiff in nature. Consolidation test results can be used to
105
predict soil heave using oedometer-based heave equations, for example, the Fredlund et 
al. [82] formula.
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Fig. 3.7 Consolidation Test of Moreland Clay
3.5 Soil Test for Expansive Soil 
Apart from the regular soil tests, some expansive soil exclusive tests are done to 
understand the volume change behavior of soil with the change in moisture content.
3.5.1 Soil Water Characteristic Curve (SWCC)
The SWCC defines the relationship between soil water retention and soil suction. 
Classical soil mechanics was mainly focused on saturated soil, ignoring the situations 
where negative pore pressure is present. In the 1960s and 1970s, unsaturated soil 
mechanics emerged. In-depth soil tests have shown a strong correlation between 
unsaturated soil properties with the SWCC. It has been a very common practice to predict 
any unsaturated soil property empirically using the SWCC and the same soil property in a
saturated condition. The SWCC is created for the sampled Moreland clay using two 
methods. An impact corer is used to collect three cores from the sample site at a depth of 
10 m. The aluminum cylinder inside the corer is 5 cm in length and 4.8 cm in inner 
diameter. Soil cores in the cylinders are trimmed in the field exactly to the cylinder 
length, and the cylinders are immediately capped at both ends and transported to the 
laboratory. Uncapped cylinders are placed on a 1 bar ceramic pressure plate, which is 
inundated for 48 h. Water is placed on the ceramic plate, and the cylinders are saturated 
from the bottom for 72 h. The cylinders are removed from the saturated ceramic plate and 
weighed, followed by placing them back on the plate for an additional 48 h. As illustrated 
in Fig. 3.8a, the saturated ceramic plate and cylinders are placed in a pressure plate 
apparatus (5 Bar Pressure Plate Extractor, Cat. No. 1600, Soil Moisture Equipment Corp., 
Santa Barbara, CA, USA) and pressure is increased to 33 kPa and maintained for 48 h 
[268], The cylinders and their soil are then weighed and placed in an oven at 110°C for 
48 h. After that, they are moved in a desiccator and then weighed again. These 
measurements of gravimetric soil water content at 0 kPa (saturation) and -33 kPa (field 
capacity) represent the wetter points on the SWCC. The bulk density of the cores are 
calculated based on the cylinder volumes and the oven-dried soil weights, and they are 
used to calculate the volumetric moisture content of the soil cores [269].
The second method used to create the SWCC is the chilled mirror dew point 
technique, using the WP4-T Dewpoint Potentiameter by Decagon Devices on disturbed 
soil samples, as shown in Fig. 3.8b [270]. Approximately 15 g of the crushed soil, which 
has been passed through a 2 -mm diameter sieve, is placed into stainless steel sample 
cups. Thirteen Moreland soil samples are prepared by varying moisture contents. Sample
cups are placed on the upper surface of the WP4-T to allow temperature equilibration. 
Each sample cup is placed into the WP4-T for the water potential measurement. Drier 
samples have one measurement each, but the wetter six samples have three or four 
measurements of water potential. After the water potential measurement, samples are 
placed in an oven and maintained at 110°C for 24 h, and then are placed in a desiccator 
for one hour before being weighed to the nearest 0.0001 g. The bulk density of the 
undisturbed soil samples is measured by placing crushed, sieved (<0 .0 0 2 mm diameter) 
soil into the stainless-steel cups, which have an inner height of 1 . 0  cm, and an inner 
diameter of 3.75 cm. Various moisture levels are dropped into 19 sample cups, and the 
samples are left to equilibrate for 48 h. If a sample swells beyond the sample cup’s 
volume, the soil is trimmed to the cup’s height. The samples are then placed in an oven at 
110°C for 48 h, followed by cooling in a desiccator for one hour, and then weighing to 
the nearest 0.01 g. Bulk density is calculated as the soil volume (cm3) divided by the 
oven-dried soil weight (g). Finally, a complete SWCC curve is plotted as illustrated in 
Fig. 3.9. As it clearly shows from Fig. 3.9, dry soil has a higher degree of suction 
compared to wet soil.
(b)
Fig. 3.8 a) Pressure Plate Test and (b) WP4-T Test to Construct the Moreland Clay 
SWCC Curve
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Fig. 3.9 SWCC Curve for Moreland Clay
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3.5.2 Shrinkage Test
The significance of the shrinkage curve is that it shows the direct relation between 
changes of void ratio and changes of moisture content. Briaud et al. [214] described a 
simple method to obtain this shrinkage curve. A Moreland soil sample with a 
recommended dimension of 75 mm in diameter x 150 mm in height is used in the test. 
After measuring the initial height, diameter and weight with a minimum of three 
measurements of the diameter and height at an interval of 1 2 0 °, the soil sample is allowed 
to air dry. Readings are taken at the one-hour interval for the first eight hours. After that, 
the time interval can be increased. It’s recommended to take continuous measurements 
for two days. Once the last reading is taken, the sample is oven dried, and the weight is 
measured once again. Finally, a shrinkage curve of Moreland clay, as presented in Fig. 
3.10, is produced.
Shrinkage curve 
S = 100%
S -  70%
S = 60%
S = 30%
1.4
0
0 0.1 0.2 0.3 0.4 0.5
Gravimetric moisture content (%)
Fig. 3.10 Shrinkage Test of Moreland Clay
110
There are some limitations of producing the shrinkage graph following the 
method described above. One of most difficult stages is determining the void ratio when 
the moisture content goes below the shrinkage limit. This is because once the moisture 
content goes below the shrinkage limit, the soil started to experience cracks and fissures, 
making it almost impossible to make an accurate measurement of diameter and height of 
the soil core. Zhang [271] proposed a simple method to eliminate this problem by taking 
a constant void ratio below the shrinkage limit. Using the method, a modified shrinkage 
curve was produced, as presented in Fig. 3.11.
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-A —e vs. w
-A -S  vs. w0.4
0.2
0.4 0.50 0.1 0.2 0.3
w
Fig. 3.11 Modified Shrinkage Curve of Moreland Clay
3.5.3 The Direct Shear Tests (for Characterizing Shear Strength 
of the Unsaturated Expansive Soil!
At the first step, the saturated Moreland soil is tested. Three undisturbed soil
samples are taken from the field, and direct shear tests are conducted. After placing the
soil sample in the shear box, it is kept in the water bath to make the soil sample fully
I l l
saturated. It took four days to get the job done. Three different normal stresses (75 kPa, 
150 kPa and 250 kPa) are applied to the soil samples with a very slow strain rate, 
respectively. ASTM D3080-98 is followed, and the strain rate is kept below 5x1 O' 3 
mm/min to avoid the generation of excess pore-water pressure in the soil samples. Figure 
3.12 shows the soil sample preparation and soil after shear failure. Figure 3.13 presents a 
curve showing the relationship between shear stress and normal stress from the tested soil 
samples.
Fig. 3.12 Direct Shear Test for Saturated Moreland Soil Sample
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Fig. 3.13 Shear Stress vs. Normal Stress for the Undisturbed Saturated Moreland 
Clay
Measuring of shear strength of unsaturated soil can be directly completed using 
the triaxial tests or the modified direct shear tests. Both tests are time-consuming. For this 
reason, empirical equations are proposed to predict the shear strength of unsaturated soil. 
Equation 3.1 [272], which follows the well-known Mohr-Coulomb criterion, is used to 
evaluate the shear strength of saturated soil, whereas Eq. 3.2 [273] and Eq. 3.3 [77] are 
used for unsaturated soil. Using Eq. 3.2 needs the value of <()b, which is the slope of shear 
stress vs. matric suction line. Most of the regular geotechnical labs are not equipped with 
a direct shear test machine that can control the soil suction during the direct shear test. 
The use of Eq. 3.3 eliminates the need, and <|)b can be predicted using the SWCC and the 
fitting parameter k, which can be estimated from the plasticity index using graphs.
x = c' + (a - ua) tancjj* (3.1)
x = c' + (o - ua) tan<|)' + (ua - uw) tan<|>b (3.2)
tan<()b = ( 0 w / 0 s ) K  tan<j>' (3.3)
Here,
x Shear stress at failure;
c' Cohesion determined from the direct shear testing on saturated
samples;
o - ua = Effective normal stress at failure;
<j)’ = Friction angle determined from the direct shear testing on
saturated samples;
ua - uw = Suction at failure measured from suction measurement device;
(j)b = Friction angle due to suction determination from the slope of
shear stress (x) versus matric suction (ua - uw) plot;
113
0w = Volumetric water content obtained from compaction curve;
0s = Saturated volumetric water content obtained from the soil water
characteristic curve; 
k  = Fitting parameter PI versus k  plot.
3.5.4 Procedure of Measuring Fitting Parameter (k)
Garven and Vanapalli [274] gave an empirical equation (Eq. 3.4) relating fitting 
parameter and plasticity index using nine different soil samples. Although the relation has 
been modified a couple of times, the latest is given in Fig. 3.14. Chowdhury [275] 
provided a different equation (Eq. 3.5) from five other soil samples, as shown in Fig.
3.15.
k  =-0.0016*PI2+0.0975*PI+l (3.4)
k  = -0.001 *PI2 + 0.0874*PI + 0.98 (3.5)
Equation 3.4 gives fitting parameter ( k )  value 1.81 for Louisiana soil (PI = 51),
where using Eq. 3.5 the k value is found to be 2.84. Either one of them or the average of 
the values, which is 2.33, can be used. So, the shear strength of unsaturated Moreland 
clay can be found using Eq. 3.6, while volumetric water content can be found using Eq. 
3.7.
x = 23 + (a - ua) *0.34 + (ua - uw) (0 w /0 s) 2 33 *0.34 (3.6)
0w = W * (y d /Y w ) (3.7)
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Fig. 3.15 Relationship Between Parameter k and Plasticity Index (Modified after 
Chowdhury [275])
3.5.5 Expansion Index ('Ell
Following ASTM D-4829 [119], expansion index is measured. The procedure 
includes placing the undisturbed soil sample in the oedometer mold with the porous disk
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on top and bottom of the soil. After that, a total pressure 6.9 kPa (1 lb-f/in2) including the 
upper porous disk is placed on the soil. Once the soil consolidates for ten min this way, a 
soil sample is inundated, and the data should be recorded until the expansion becomes 
less than 0.0002 in/hr. For the Moreland clay, the test is run for three days. El is 
measured from Eq. 3.8 and found to be 101, while the free swell is found to be 0.101 in.
3.6 Methods to Obtain the Boundary Condition of Constitutive Surfaces 
The constitutive surface of the soil will help to understand in-depth about the 
volume change behavior of expansive soil. Experimentally, it can be developed from the 
tri-axial or consolidation test with an option to change the suction. Most of regular soil 
testing laboratories do not have this kind of sophisticated equipment setup, even with the 
presence of test setup, this is a very time-consuming test. A simplified method was 
suggested by Zhang [271] that uses six boundary curves (Eq. 3.9 to 3.14) to interpolate 
the whole surface. In Chapter 4, the process of constructing the unsaturated expansive 
soil constitutive surface is described, whereas in this chapter, the process of finding the 
six boundary curves is described. The boundary curves are given below:
El = — *1000
H
(3.8)
e = f  (a - ua, ua - uw = 0 ); (3.9)
W  = f  (O  - Ua, Ua - Uw = 0); (3.10)
S = f (a - Ua, Ua - uw = 0); (3.11)
w = f  (ua - Uw, a  - Ua =  0 ) ; (3.12)
e = f  (ua - Uw, a  -  Ua = 0); (3.13)
S = f  (Ua - Uw, 0  -  Ua = 0). (3.14)
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Equations 3.9 to 3.11 can be found from the consolidation test, showing how the 
void ratio (e), moisture content (w) and degree of saturation (s) are changing exclusive to 
the change of net normal stress (o - ua). On the other hand, Eq. 3.12 to Eq. 3.14 can be 
found from the SWCC test, giving the information about how the soil volume changes 
only when the matric suction (ua - uw) changes. Equation 3.9 is the void ratio versus net 
normal stress curve when the matric suction is zero, and it can be found from the 
consolidation test. In consolidation test, the Moreland clay soil sample is submerged into 
the water the whole time, making the suction zero. Equation 3.10 is the water content 
versus net normal stress curve when the matric suction is zero, and it can be found from 
the formula Se = wGs. As in the consolidation test, the degree of saturation is one and 
specific gravity (Gs) is a known value for any specific soil. A relation can be easily found 
between moisture content and net normal stress. Equation 3.11 is the degree of saturation 
versus mechanical stress curve when the matric suction is zero, and it is a constant value 
(=1) during the change of a  - ua. Equation 3.12 is the moisture content versus suction 
curve when the net normal stress is zero, and it can be found from the SWCC test. In the 
SWCC test, no mechanical stress is applied. Equation 3.13 is the void ratio versus suction 
curve when the net normal stress is zero, and it can be found from the modified shrinkage 
test. Equation 3.14 is the degree of saturation versus matric suction curve when net 
normal stress is zero, and it can be found from the formula Se = wGs.
To construct the constitutive surface of unsaturated expansive soil, the minimum 
test is needed as follows: 1) consolidation test, 2) SWCC and 3) free shrink test. All the 
tests were performed and described in the previous section of this chapter.
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3.6.1 The Void Ratio versus the Net Mechanical Stress Curve 
When the Matric Suction is Equal to Zero
Using the consolidation test, e-log (a) relation was found. Using commercial 
software Sigmaplot [276], regression analysis is done, and a mathematical expression for 
the curve is found. The expression is given in Eq. 3.15, and regression curve is shown in 
Fig. 3.16.
0 50737e = 0.80761 + (3.15)
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Fig. 3.16 e-log (ov) Expression from the Consolidation Test
3.6.2 The Moisture Content versus the Net Mechanical Stress 
Curve When the Matric Suction is Equal to Zero
Using the expression Se = wGs, a relation between moisture Content and net 
mechanical stress can be found. For the Moreland clay, Gs value is found to be 2.75. A 
mathematical expression is given in Eq. 3.16, and the regression curve is shown in Fig. 
3.17.
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Fig. 3.17 w-log (o) Expression from the Consolidation Test
3.6.3 The Degree of Saturation versus the Net Mechanical Stress 
Curve When the Matric Suction is Equal to Zero
In the consolidation test, the degree of saturation is always one with the change of
mechanical stress. The expression is given in Eq. 3.17 and illustrated in Fig. 3.18.
S = 1 (3.17)
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Fig. 3.18 S-log (cr) Expression from the Consolidation Test
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3.6.4 The Water Content versus Matric Suction Curve
When the Mechanical Stress is Equal to Zero
This boundary curve is found from the SWCC curve. The SWCC curve is used to 
understand the relationship between volumetric water content and the matric suction. 
Zhang [271] suggested using gravimetric water content instead. The reason behind the 
suggestion is that the slope of the gravimetric water content versus the matric suction is 
referred to as specific water capacity. The SWCC test is performed in between 1 kPa and 
1000000 kPa, as shown in section 3.5.1. In SWCC test, two assumptions are made. First, 
when the soil is fully saturated, the suction is zero. The reason behind this is that, 
although theoretically at saturation point the suction is zero, log(0 ) is not a real number. 
Because the objective is to find the relation between water content (%) and suction in a 
logarithmic scale, the suction at fully saturated condition is taken as zero. The logic 
behind taking the logarithmic suction is to finally plot a 3-D graph between the void ratio, 
logarithmic net normal stress, and logarithmic suction, so all the boundary conditions 
should have either logarithmic mechanical stress or logarithmic suction. Secondly, in 
SWCC test at the oven-dried condition, the soil suction is assumed to be 1000000, as 
recommended by Zhang [271].
In Eq. 3.18, the mathematical expression is given, and in Fig. 3.19, the regression 
curve is shown. In Fig. 3.19, the two boundary conditions are marked in blue.
w(%) = -1-68865 + (3.18)
P V 20 .18804  )
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Fig. 3.19 w-log (iia-uw) Expression from the SWCC Test
3.6.5 The Degree of Saturation versus Matric Suction Curve 
When the Mechanical Stress is Equal to Zero
A free shrinkage curve and later modified shrinkage curve were plotted 
previously in section 3.5.2 [214, 271]. Moreland clay has a shrinkage limit of 9, so when 
the water content went below 0.9, it was assumed the void ratio was the same after that, 
as shown in modified shrinkage curve. As the void ratio is constant below the shrinkage 
limit, a linear relation can be found between S and w. When water content w is less than
0.9, the linear relation becomes S = 7.22*w. After considering this phenomenon, an 
expression between w and e can be found and is shown in Eq. 3.19, and the expression 
between S and w is given by Eq. 3.20 and Eq. 3.21.
e =  0.22218 4 1.14759 (3.19)
l+exp^*( - W +  0.22661 
A 0 .07171 ■)
S =  -2.85551 + 10.49865
l+ ex p (-  (-W+  3 .51076 A 5 .24136
S =  7.22 * w (when w < 0.9) (3.21)
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3.6.6 The Void Ratio versus Matric Suction Curve When 
the Mechanical Stress is Equal to Zero
Equation 3.17 gives the relation between w (%) and log (ua-uw), and Eq. 3.17
gives the relation between e and w. Combining these two equations, an expression
between e and log(ua-uw) can be found and is given in Eq. 3.22, and the curve is shown in
Fig. 3.20.
e =  0.347128 + (3-22)
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Fig. 3.20 e-iog (Ua-Uw) Expression from the SWCC Test
3.7 Summary of the Moreland Clay Properties 
Summary of the soil properties are given in Table 3.1. In Chapter 4, these 
properties will be used to predict the free heave using different methods.
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Table 3.1 Summary of the Laboratory Tests
Soil Properties Value
USDA soil taxonomy classification Very-fine, smectitic, thermic Oxyaquic Hapluderts
USCS soil classification Fat clay
USCS soil symbol CH
Specific gravity, Gs 2.75
# 2 0 0  passing (%) 99
Liquid limit, LL 79
Plastic limit, PL 28
Shrinkage limit, SL 9
Plasticity index, PI 51
Opt moisture content 27%
Max dry unit weight (kN/m3) 14.52
Average field void ratio,eO 1.27
Bulk density, gm/cm3 1.24
Bulk volume moisture content 41.04
Free soil swelling, in 0 . 1 0 1
Expansion index, El 1 0 1
Activity of clay, Ac 1.37
Compression index, Cc 0.36
Swell index, Cs 0 . 1 1
Corrected swelling pressure, KPa 180
Avg. field moisture content (%) 32
Avg. saturated moisture content (%) 52
Saturated unit weight (kN/m3) 19.70
Field unit weight (kN/m3) 17.11
3.8 An Example Problem for Predicting Heave for one-m 
Active Zone in Northern Louisiana
A total of five different methods from Eq. 3.23 to Eq. 3.27 are selected from the
three categories mentioned in section 2 .1 1 , and the range of the vertical heave is found to
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be between 67 mm and 80 mm [46, 82,144, 156,214]. Table 5 shows that the average 
heave is 72.2 mm in the one-meter depth soil, which gives a swelling potential (SP) of 
7.22%. In Table 3.3, the swelling potential of Moreland clay is compared to those of the 
expansive soil found in other places, and it showed that the expansive Moreland clay is 
one of the most expansive soils in the US and around the world [7, 136, 277, 278].
Table 3.2 Heave Predictions of the One-Meter Depth Expansive Clay Using 
Different Equations
Methods Parameters Heave(mm) Comment Eq.
H Pf
4H =  %  +  e0 ,OfV
Swelling index, Cs= 0.11; 
initial void ratio, e0= 
1.27;
final stress state, P f =  
iteratively calculated for 
each layer; 
moist unit weight, y = 
17.11 kN/m3; 
corrected swelling 
pressure, corrected Ps = 
180 kPa.
69
Oedometer-
based
method
3.23
AH
H /  kPf \
C ! l + e ° 1O8\ i 0f e a“ ) J
k = 0.0039 * e°-64PI 
Cw = 0.019 * e0,64(Aw)
Correction parameter, k = 
0.004;
suction modulus ratio, Cw 
= 0.019; 
change in water content, 
Aw = 0.2; 
plasticity index, PI = 
51%.
75 EmpiricalMethod 3.24
AH =  HCW (wf -  Wi) 
r  «GS
w l  +  e0
Volumetric 
compressibility factor, a = 
0.33;
specific gravity, G s =  
2.75;
initial void ratio, e0= 
1.27;
water content change (wf -
wi) = 0 .2 ;
suction index, Cw = 0.4.
80 SuctionMethod 3.25
124
Methods Parameters Heave(mm) Comment Eq.
n
AH =  ^(hjfjAW j/Ewi)
i=l
Water content change Aw 
= 0 .2 ;
shrink swell modulus, Ew 
= 0.45; 
shrinkage ratio, f  = 0.13.
67 EmpiricalMethod 3.26
AH =  H - ^ - l o g ( ^ )
1  +  e 0  \ xm°)
log xmo =  A — Bw
Tm° = a 0 a f -  uwf
aGs
Ct “ 100B
Compressibility factor a  = 
1 as PI>40; 
suction index, Cx = 0.25; 
Y intercept of gravimetric 
SWCC 
A= 5.1; 
slope of gravimetric 
SWCC 
B= 0.11; 
final matric suction,x„o =7 irif
OkPa;
final applied pressure, Of= 
17.11 kPa;
Gs = 2.75; wo = 0.32.
70
Suction-
based
method
3.27
Table 3.3 A Comparison of Expansive Soil in Different Places Based on the Swell 
Percent
Predominant Soil Type % Swell Results/Location
Moreland clay (CH) 7.22 Predicted value/Bossier City, Louisiana
Regina clay (CH) 7.78 Predicted value/Regina, Canada
Grayson 9.8
Lab test
Colorado 8 . 2
San Antonio 7.3
Oklahoma 3.8
San Diego 3.4
Denver 6 .5-7.4 Lab testPierre Shale 3.1-5.7
London clay (CH) 2 . 1 2 Predicted value/Chattenden, Kent, UK
Maryland clay (CH) 3.56 Predicted value/Newcastle, Australia
Kenswick clay (CH) 1.76 Predicted value/Adelaide, Australia
Arlington clay (CL-CH) 1.35 Predicted value/Arlington, Texas, US
Al-Ghat shale(CH) 3.53 Predicted value/Al-Ghat, Riyadh, Saudi Arabia
Zaoyang soil (CL-CH) 1.03 Predicted value/Zaoyang, Hubei, China
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3.9 Conclusion
In this research, a comprehensive characterization of Moreland clay is done. From 
the experiments, the PI (=51), El (= 101), and Ae (=1.37) values are measured. Using 
three different expansive soil identification procedures, it is found the Moreland clay has 
a high degree of expansion potential. Moreland clay is active in nature, and once again, 
Moreland clay has a high degree of expansion potential. Other than its expansion 
potential, Moreland clay’s loading-unloading behavior and water susceptibility are also 
investigated. Finally, using the experimental results and heave prediction equations, 
heave in a sample from a 1-m depth layer of Moreland clay is predicted. From the 
predicted result, it was found that Moreland clay has an SP value of 7.22%, which was 
then compared with other expansive soils around the world. It was finally concluded that 
Moreland clay is one of the most expansive soils in the world.
CHAPTER 4
THE CONSTITUTIVE SURFACES FOR MORELAND CLAY
4.1 Introduction
The constitutive relation of soil correlates between deformation state variables 
and stress state variables. The mathematical equations relating the total volume and the 
water content state variables to the stress variables are called the volume-mass 
constitutive equations. When these equations are used to plot a 3-D surface, this surface 
is called the constitutive surface. This surface helps to visualize the behavior of 
unsaturated soil under the change of net mean stress and/or soil matric suction. Soil 
volume changes occur due to two reasons. The first one is the change in mechanical 
stress, and the second one is the change in matric suction. For unsaturated soil where 
multiple phases may be present (i.e., solid, water and air), this relation is very 
complicated. Generally, the saturated soil is considered as a special case of unsaturated 
soil. The constitutive surface can also be created by correlating moisture content change 
with the two-state change, once correlation between void ratio changes and the two-stress 
state change is known. As part of soil characterization, in this chapter, only the first type 
of the constitutive surface will be plotted for Moreland clay, following the six boundary 
conditions described by Zhang [271]. Sign convention of the stress state is very important 
and will be discussed before developing the constitutive surface.
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4.2 Stress State Variables Sign Conventions 
The compressibility form for the unsaturated soil structure constitutive equation is 
given in Eq. 4.1, and the water phase of the constitutive equation is shown in Eq. 4.2. 
mf, m 2 , and will be different according to various loading conditions.
dev = mfd  {omean ~ Ua) + m fd  (l/a -  Uw) (4.1)
f  = = m f d  (crmean -  Ua) +  m g d  (Ua -  Uw) (4.2)
Vq
Where,
mf= Coefficient of volume change with respect to net normal stress; 
m f = Coefficient of volume change with respect to matric suction; 
m™= Coefficient of water volume change with respect to net normal stress;
m 2 ~ Coefficient of water volume change with respect to matric suction.
Consider a case where the load is applied, stress increases, volume decreases, 
stress increases and thereby strain decreases. According to classical soil mechanics where 
compression is taken as positive, young’s modulus become negative. Equation 4.3 shows 
the expression.
=  % %  <«>
However, according to Zhang [271], the confusion comes when the pore-water 
pressure is increased, which causes a decrease in effective stress and an increase in 
volume. This will cause a positive young’s modulus, as shown in Eq. 4.4.
E (+ ) =  (4.4)
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From Eq. 4.3 and Eq. 4.4, it can be seen the modulus of elasticity or Young’s 
modulus for the soil structure has a reverse sign for an increase in net mechanical stress 
and an increase in pore-water pressure. The same confusion comes in the water phase 
modulus, too. To avoid this confusion, Zhang [271] suggested taking (ua-uw) as a whole 
to be the stress state variable for unsaturated soil when two stress state variables are used. 
Figure 4.1 will illustrate the stress state variables for the nonlinear curve for the soil [82].
c o-
Stress, a
Fig. 4.1 Definition of Variables for Nonlinear Stress-strain Curve for Soil [82]
4.3 The Constitutive Surface for Unsaturated Soil 
Matyas and Radhakrishna [279] showed how to find the constitutive surface of 
the soil experimentally using 80% flint powder and 20% kaolin, as shown in Fig. 4.2. 
This process was very lengthy and needed sophisticated experimental equipment. Below 
a simple mathematical process is described where, using some boundary conditions, a 
very close shape of the actual constitutive surface of any soil can be found. The effective 
stress of a soil exclusively defines its degree of compression. The effective stress is the 
difference between total stress and pore-water pressure. Equation 4.5 shows the relation
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between void ratio and its stress state. Figure 4.3 shows the constitutive surface for the 
saturated soil while Fig. 4.4 shows the constitutive surface for the unsaturated soil. When 
the soil is saturated, the constitutive surface looks like AGFD, and when the soil becomes 
unsaturated, the surface becomes ABEDI. Axis OS shows the pore-water pressure, axis 
01 shows the matric suction, and axis OD shows the compressive stress. Curve AD 
represents the void ratio versus net normal stress when there is no suction and where 
curve AI represents the void ratio versus matric suction when there is no net normal 
stress. Curve AI was found by rotating the AD curve 90° anticlockwise. It needs to be 
noted that for unsaturated soil the effective stress principle (cr' =  a — uw) does not work. 
For this reason, instead of AP, AI represents the zero net normal stress curve. As 
mentioned before, using boundary conditions, the constitutive surface will be 
constructed, as shown by Fredlund et al. [82] and Zhang [271]. Figure 4.5 shows all six 
boundary curves needed for constructing the constitutive surface.
e = f(a') = f(a -  uw) = f(a -  ua) + f(ua -  uw) (4.5)
Fig. 4.2 (a) Void Ratio Constitutive Surface and (b) Degree-of-saturation
Constitutive Surface (Modified after Matyas and Radhakrishna [279])
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Fig. 4.3 Void Ratio Constitutive Surface for a Saturated Soil (Zhang [271])
E
Fig. 4.4 Void Ratio Constitutive Surface for a Saturated Soil (Modified after Zhang
[271])
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Matric Suction
Ua-Uw
Total Stress o-ua
Fig. 4.5 Curves Needed for Constructing the Constitutive Surfaces of an 
Unsaturated Soil (Modified after Zhang [271])
Another assumption was made, which is that the constitutive surface is a plane for 
any particular void ratio. Using this assumption, by constructing a lot of planes at the 
various void ratios, the whole constitutive surface can be constructed. Figure 4.6 shows 
this method of constitutive surface construction. In Fig. 4.6, the straight lines at and am 
are small segments of void ratio versus net normal stress curve and void ratio versus 
matric suction curve, respectively. These two segments are assumed to be from the same 
void ratio range. Using the same procedure for different void ratio changes, other planes 
can be found. Once added together, they should provide the whole constitutive surface.
At first glance, this method seemed to work. Then Zhang [271] described that, after a 
close investigation, it can be found in many cases this assumption is not satisfied. For 
example, in the case of unsaturated soil, the net normal stress and matric suction are
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independent of each other, meaning the straight lines at and am may not be on the same 
plane.
T3
Plane of constant 
I ratio
r i c i
/  void
3m
8m
Matric suction [ua - t/w)
Fig. 4.6 Proposed Assumption by Fredlund et al. [82]
Zhang [271] proposed a simplified way to construct the constitutive surface. In 
this method, it is assumed that the constant void ratio curve is a straight line for any void 
ratio level. Figure 4.7 shows the constant void ratio of Madrid clay by Escario [280], and 
it matches the assumption.
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Remolded Madrid Clay
Legend wn % y^(kN/m3) (kPa) wf% Sf(%)
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Fig. 4.7 Constant Void Ratio Curves for Some Unsaturated Soil (a) Cartesian
Coordinate and (b) Log-Log Coordinate by Zhang [271] and Escario [280]
The proposed detailed procedure by Zhang [271], which will at the end give the 
same constitutive surface proposed by Fredlund et al. [82] is described here.
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1. Find the corresponding two points for any void ratio from the void ratio versus net 
normal mechanical stress curve and the void ratio versus matric suction curve.
2. Connect the two points.
3. Repeat the procedure for all the void ratio levels; finally, a surface will be obtained.
A simplified mathematical expression to understand the procedure is given below. 
Assume the void ratio versus net normal mechanical stress curve and void ratio versus 
matric suction curve are given in Eq. 4.6 and Eq. 4.7, respectively.
e = ai xlogio (o-Ua) + a2 (4.6)
e = a3 x logi o (ua -u w) + a4 (4.7)
Here, ai, a2 , a3 and a4  are best-fitted constants determined by laboratory test data. 
Now, if the DP curve from Fig. 4.4 is assumed to be DP a straight line, the 
mathematical expression for DP can be found from Eq. 4.8, and for any particular void
ratio (e=eo), the value of OD and OP can be found from Eq. 4.9 and Eq. 4.10,
respectively.
crm ~ u a i u a~ u w   i  / a  o \
~ s r + ~ s r ~ 1 (4-8)
0De=eQ — (Ojn — Ua)(ua-uw=0 ,e = e 0)  =  0 1   ^ (4-9)
OPe=e0 = (Ua ~  Uw)(<rm-ua=0,e=e0) =  lo(~V ") (4.10)
By combining Eq. 4.9 and Eq. 4.10, a mathematical expression for the void ratio 
constitutive surface can be found, as shown in Eq. 4.11.
g m  u a . ua uw 
(eo-a2\  f e 0 —a 4 \
1 0 '  a i  /  1 0 '  a 3 /
U n  U \ ai ^
+  =  1 (4 .ii)
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Zhang [271] finally concluded the following:
1. The constant void ratio curve for the void ratio constitutive surface does not 
necessarily have to be a straight line. If only the constant void ratio curve is a 
function of both the net normal mechanical stress and matric suction, this method is 
applicable.
2. Furthermore, it can also be proven that the mathematical expressions for the void 
ratio versus net normal mechanical stress curve and the void ratio versus matric 
suction curve are continuous and have continuous first derivatives unlike the 
discontinuous first derivative of proposed method by Fredlund et al. [82].
After rearranging Eq. 3.15 and Eq. 3.22, Eq. 4.12 and 4.13 are found respectively. 
Equation 4.14 which is the combination of Eq. 4.12 and 4.13 will represent the 
constitutive surface of soil.
log10(av) =  0.29184 -  l )  +  2.73049 (4.12)
log10(u , -  uw) =  0.682210 ( (, “ ™ ” B) ~  l )  +  2.66902 (4.13)
__________ g v ~ U a _____________________  J _________________________U a ~ U w _______________________ =  1  (A  1 d \
(  (  0 .50737  \  \  * /  /  0 .992809  \  \  ±  V 1 * 1  V
l o ( 0 2 9 1 8 4 ( ( e - 0 . 8 0 7 6 i r 1) + Z 7 3 0 4 9 )  1 0 ( 0'68Z 210( (e -6 T3 4 7 1 2 8 )—1/ + 2 ,6 6 9 0 2 )
Using any net normal stress (o-ua) and matric suction (ua-uw), the void ratio can 
be found using the iterative method from Eq. 4.14. Sigmaplot [281] was used to plot the 
constitutive surface of the Louisiana expansive soil. Figure 4.8 shows the void ratio 
constitutive surface where the curve at the void ratio vs. suction axis represents the 
SWCC, and the curve at the void ratio vs. mechanical stress axis represents the 
consolidation test. Some published void ratio constitutive surfaces from different parts of 
the world are illustrated in Fig. 4.9, Fig. 4.10 and Fig. 4.11. From the figures, it is certain
136
the constitutive surfaces are unique for each soil, and a visual idea is given of how void 
ratio change affects the matric suction and mechanical stress of the soil.
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Fig. 4.8 The Void Ratio Constitutive Surface of the Louisiana Expansive Soil
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Fig. 4.10 The Void Ratio Constitutive Surface of the Regina Soil (Hung [282])
138
Yield Yield
0),
o
rok.
•o
o>
1.2
1.0
0.8
0.6
0.4
10‘2
S P F
m
i r
102 
Soil suction 
(kPa)
10°
10"
Net mean stress 
(kPa)
Fig. 4.11 The Void Ratio Constitutive Surface of the Artificial Silt Soil (Pham [112])
4.4 Conclusion
The constitutive surface would look like surface ABEDP from Fig. 4.4 if it is 
drawn in a Cartesian coordinate system. As the surface is plotted on a log-log scale (Fig. 
4.8), the constructed constitutive surface looks as expected compared to other published 
constitutive surfaces. The constitutive surface is unique for each soil and gives a visual 
idea of how stress state affects the void ratio of a soil.
CHAPTER 5
DEVELOPMENT OF AN ANALYTIC METHOD TO 
CALCULATE EXPANSIVE-SOIL-INDUCED 
STRESSES IN PAVEMENT
5.1 Introduction
Expansive soil changes its volume due to changes in moisture content. Roads 
constructed over expansive soil will experience deflection due to the volume change of 
the subgrade soil. During the summer time, when the moisture content of the subgrade 
soil underneath decreases, pavement at the edge will experience downward deflection. 
On the other hand, in the rainy season due to moisture content increase in that same 
expansive soil, the pavement at the edge will experience upward deflection. Figure 5.1 
shows some of the expansive-soil-induced longitudinal cracks on pavements.
Fig. 5.1 Longitudinal Cracks on Pavement Due to Expansive Subgrade [283]
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If the pavement can be assumed as a beam, there are many methods available to 
analyze the beam on an elastic foundation due to the load imposed on it. The theory of 
Winkler foundation is a simple method to analyze beams on elastic foundation subject to 
load. So far, no mechanistic-based methodology is available to analyze a pavement using 
the Winkler foundation model due to the volume change of subgrade expansive soil.
Since deflection of the pavement is caused by the heave/settlement of the expansive 
subgrade soil, instead of by any load, the model cannot be directly applied to solve the 
problem. In the dissertation research, one of the key achievements is to propose the 
concept of virtual load. The virtual load is applied to the pavement and yields pavement 
deflections, which are equivalent to the pavement deflections caused by the volume 
change of the expansive subgrade soils. In this chapter, a new analytic method based on 
the concept of virtual load is proposed for modeling granular fills/pavement/beam on 
expansive soil with or without surcharge load, using the Winkler foundation model.
More details of the methodology will be described in section 5.4 of this chapter.
5.2 Description of the Winkler Foundation Model 
To analyze structures on regular soil, knowledge of the properties of the structures 
as well as the properties of the soil is required. Generally, properties of the soil are 
difficult to obtain [284]. Different soils behave differently under the same applied load 
[285]. In 1867, Winkler first proposed modeling soil as an elastic medium. In the Winkler 
foundation model, soil is replaced with springs that behave the same under applied loads 
as real soil. Because of its simplicity, the Winkler model became the most popular soil 
model used by practicing engineers [284], Many scientists like Hetenyi [286], Umansky 
[287] and others used the Winkler foundation as the base of their research. However,
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some researchers tried to improve the soil model and recommended the use of new soil 
models. Some notable researchers include Pasternak [288], who proposed a soil model 
with two coefficients of subgrade reaction, and Reissner [289], who recommended a soil 
model that simplified analysis of foundations supported on elastic half-space.
The Winkler foundation model consists of infinite numbers of closely spaced 
unconnected linear-elastic springs whose behavior resembles that of a liquid base [290]. 
These springs are defined by subgrade modulus (ks). Closed-form solutions for simple 
problems have been proposed by many researchers [286, 291-294]. The mechanism 
behind the model is the maximum displacement that will occur under the load. The 
Winkler foundation model has some assumptions as mentioned below:
1. The load applied to the soil surface produces settlements of the soil only under the
applied load and does not produce any settlements and stresses outside of the loaded 
area.
2. The soil can resist compression as well as tension stresses.
3. The shape and size of the foundation do not affect the settlement of the soil.
These assumptions are not always true as described in the following paragraphs. 
The limitations of the Winkler model are given below:
1. When a load is applied to the soil, it produces settlement under the applied load and 
outside of the loaded area.
2. Soil does not resist any tension stresses, even a small amount.
3. Settlement of the soil is not only the function of applied load but also the shape and 
size of the foundation.
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In spite of these limitations mentioned above, researchers such as Klepikov [295] 
proved that analysis based on the Winkler foundation produces realistic results that are 
practically close enough to results obtained from soil testing and observations of 
settlements of real structures.
For a beam of unit width and a length of L supported by the elastic foundation, as 
shown in Fig. 5.2, the relation between foundation reactions (R) at any point along the 
beam (Eq. 5.1) is directly proportional to the vertical displacement (w).
R = ks * w  (5.1)
Here, ks is a constant of proportionality also known as subgrade modulus.
wdx
El (d4co/dx4) + ks© =q
Bemoulli-Euler Beam
Homogeneous Solution, Same ks
Fig. 5.2 Bernouili-Euler Beam Supported on Elastic Foundation
M
t i k i
L-dx—1
V+dV
Now, if a small piece of the beam is considered, x-distance from the left with a 
length dx as illustrated in Fig. 5.3, the shear force on that beam is considered V and the 
bending moment as M. From Fig. 5.3, Eq. 5.2 can be found using the equilibrium 
condition. Using solid mechanics relations (Eq. 5.3 to 5.7), Eq. 5.8 can be found.
V -  (V + SV) +  kswdx -  qdx = 0 (5.2)
143
+ y
->+X
W
dV
dx
dV
dx
= ksw -  q 
= ksw -  q
Using the relation between shear and moment
dMV =
d2M
dx2
dx
ksw -  q
Using the relation between moment and bending stiffness of the beam
fd2w>El / \
Vdx2 /
-M
From Eq. 5.6 and Eq. 5.7,
d2 / d 2w \  ,
S ? EIU ? )  = k’w - ‘>
<d
Fig. 5.3 Sign Convention for Deflection, Shear Force and Bending Moment
(5.3)
(5.4)
(5.5)
(5.6)
(5.7)
(5.8)
5.3 The Concept of Virtual Load 
If a pavement represented as a beam is resting on a regular (unexpansive) soil, it 
will only deflect by the introduction of an external load. Figure 5.4 (a) and (b) shows the 
deflection of the beam on the regular soil. Beam deflection on a regular soil can be 
measured using the Winkler foundation model. Figure 5.4 (c) shows beam deflection due
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to volume change of the subgrade expansive soil. This expansive-soil-induced beam 
deflection can be represented by the introduction of a virtual load on the beam with the 
subgrade considered as a regular soil. Figure 5.4 (d) shows the virtual load on a beam with 
a regular soil as a subgrade. The virtual load makes the beam deflected, which is equivalent 
to the real deflection induced by the volume change of the expansive soil subgrade. The 
advantage of this transformation is that this virtual load imposed beam-regular subgrade 
soil system can be analyzed using the Winkler foundation model.
* : ‘ Pavement ,tual LoacAc
jsk V
Non-Expansive SoilNon-Expansive Soil
(a) (b)
: ' Pavement .
Expansive Soil Non-Expansive Soil
(c) (d)
Fig. 5.4 (a) Pavement on a Regular Soil, (b) Pavement Deflection Due to External, 
Load, (c) Pavement Deflection Due to Expansive Soil’s Volume Change, and 
(d) Proposed Virtual Load Soil Model
The virtual load distribution is not known; thus, it is expressed as a form of Fourier 
series. The model will be established in the following steps: 1) consider the virtual load as
145
a form of Fourier series in the combination of a few Fourier terms; 2) find the beam 
deflections at multiple points across the pavement from shoulder to shoulder, which are 
calculated from the heave or settlement prediction of the expansive subgrade soil; 3) find 
a closed-form solution of beam-like pavement deflection as a function of the only 
regression constants; 4) using regression analysis, find the Fourier constants, and the virtual 
load is thereby known; 5) once q (virtual load) is known, find the deflection, rotation, shear 
force and bending moment of the beam, using the closed-form solution of the Winkler 
foundation model; 6) again find the deflection, rotation, shear force and moment of the 
beam because of the self-weight and the external load (if any) by using the regular closed- 
form solution of the Winkler foundation, and 7) finally, using the super position theorem, 
find the combined deflection, rotation, shear force and moment of the beam.
5.4 Analytical Method to Find a Closed-Form Solution of 
a Beam Due to Any Known Load (qf Using the 
Winkler Foundation Theory
From Eq. 5.9 is the well-known differential equation of a beam,
Let us consider a finite beam (beam length L and bending stiffness El) subjected 
to any form of pressure loading. The pressure q (i.e., self-weight, external load) can be 
expressed as a function of x, which is Eq. 5.10
(5.9)
q = f(x) for 0 < x < L (5.10)
Where, f(x) can be expressed in a Fourier cosine series (Eq. 5.11)
„  . ( nnx\q= SAnCOS^ —J. (5.11)
Let’s assume the particular integral is Eq. 5.12
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w Particular — 3 n c o s  (  L ) •  ( 5 1 2 )
Replacing the w and q value in Eq. 5.9, Eq. 5.13 is found
a  f n n x \
a cos r— U  !^ a  cos (— ) -  nC0S{ ~ >  •
U i  n V L i  El n V L El
m t\4 k* A
(t ) -
, s  _
El 3nn El ;
a n = ^ 7 ^ -  ( 5 - 1 3 )
ks+E l(^ )
To make the derivation simple but the solution precise enough, only four Fourier 
terms are taken (Eq. 5.14 and Eq. 5.15).
q(x) =En=oAnc o s ( ^ ) ;
q(x) =  A0 + Sn=i A„cos (5.14)
Where,
Ao =  I C  fW dx and Ao = i / 0L f(x)cos ( ^ p )  dx. (5.15)
5.4.1 Beam Deflection wpfx) Equation Due to q Load
A homogeneous solution of the beam for any type of load (i.e., uniformly 
distributed load (UDL), point load, concentrated moment) is given in Eq. 5.16 and a 
particular solution, which is a function of load type, is given in Eq. 5.17. 
wH(x) =  ePx{Ci cos(px) +  C2 sins(px)} + e_(3x{G3 cos(Px) +  C4 sin(Px)} (5.16) 
w PA(x) = A0 + £n=i Ancos (2 p )  (5.17)
Here, Ci, C2 , C3, and C4 are four constants to be determined by four given 
boundary conditions.
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The solution of equation (5.9) is the summation of the homogeneous solution and 
the particular solution. Equations 5.18 to 5.23 show the steps of beam deflection
equation.
wB(x) = wH (x) + wPA (x) (5.18)
E l ^ + k sw = A0+ 2 L iA „cos(!!f) (5.19)
wB(x) = cos(px) + C2 sins(px)) + e~Px{C3 cos(px) + C4 sin(px)} + ^  +ks
Z;=ianCos(=p) (5.20)
Where,
An (5.21)n — /•mix4
ks+Ei(-r)
And
|3 =  ‘p - .
P  'V 4EI
(5. 22)
After rearranging Eq. 5.20,
[wB(x)] = [ePxcos((3x) epxsin(|3x) e pxcos(px) e Pxsin(|3x)] *
Cx
C2
C3
lC4J
+ i t +ks
f / t ix \  /2 t ix \  f3nx\  /  4tcx\1
[cos(tJ  cos( t )  cos( t )  C0S( t ) J * (5.23)
5.4.2 Beam Rotation Mx) Equation Due to q Load
Equations 5.24 to 5.29 show the steps of beam rotation equation derivation.
+ & ) = * £ “ (5-24)
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cj)(x) = e^fCiPcosCPx) + C2Psin(Px)} + ePx{C2Pcos(Px) -
C1p sin (P x )} -e_|3x{C3  (kos(f3x) + C4psin(px)} +  e"Px{C43 3 C0S(3x) -
C3 p sin(Px)} -  Y.n=i (™) ansin ( x )  5^ 25^
4> (x) =  epx{(Cip +  C2p) cos(px) + (-C ip  +  C2p) sin(px)} + e"Px{(-C 3p +
C4p) cos(px) +  ( -C 3p -  C4p) sin(px)} -  £*=1 (“ ) a„sin (5.26)
cj) (x) =  epx{C5 cos(px) +  C6 sin(px)} +  e~px{C7 cos(px) +  C8 sin(px)} -
a =1 (^ )a „ s in (7 )  (5.27)
Where,
C 5 =  C i P  +  C 2 P;
C6 =  -C ap + C2P;
C7 =  -C 3p + C4p;
C8 =  — C3P — C4P;
Ci
C2
C3
C4
cj) (x) = [ePxcos(px) ePxsin(px) e Pxcos(Px) e Pxsin(px)] *
rcsi rP p 0 0 ■c6 - p 3 0 0c7 0 0 - 3 3LcJ . 0 0 - 3 -pl
P 3 0 0 ■ rcii
-3 3 0 0 c2
0 0 -3 3
▼ c3
. 0 0 -3 - 3-1 LcJ
_ y 4
Zjn=l ansm Or)
(5.28)
(5.29)
5.4.3 Beam Moment Mix') Equation Due to q Load
Equations 5.30 to 5.35 show the steps of beam moment equation derivation.
M (x) = -E l d<Kx)dx (5.30)
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^  =  ePx{(Cip2 -  Ct p2 +  2C2p2) cos(px) +  (C2p2 -  C2p2 -  2Cxp2) sin(px)} + 
e“px{(C3p2 -  C3p2 -  2C4p2) cos(px) + (C4p2 -  C4p2 +  2C3p2) sin(Px)} -  
^ ( ^ a n c o s ^ )  (5.31)
^  =  epx{2C2p2 cos(px) -  2C1p2 sin(px)} +  e~px{-2C4p2 cos(px) +dx
2C3p2 sin(px)} -  E n ^ i ^ ) 2^ 05^ )
^  =  epx{C9 cos(px) +  C10 sin(px)} 4- e -px{Cn  cos(px) +  C12 sin(px)}dx
2 ; U © \ c o s ( = )
Where,
Cg = 2C2p2;
C10 = - 2 W 2;
Cu  = —2C4p2;
C12 = 2C3p2;
(5.32)
[Col ■ 0 2P2 0 o ■ [Cil
Cio —2p2 0 0 0 sfc C2
Cu 0 0 0 - 2 p 2
T C3
.C12. . 0 0 2p2 0 . Lc4J
M (x) = -E l *
■ 0 2p2 0 0  ■ [Cl l
—2p2 0 0 0 C2
0 0 0 - 2 p 2
*F
C3
.  0 0 2p2 0 . LCJ
Y4 f 1111 
2 ,n = l \ L ancos
r'nitx'v
r r J
(5.33)
(5.34)
[ePxcos(px) ePxsin(Px) e Pxcos(px) e Pxsin(px)] *
(5.35)
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5.4.4 Beam Shear V(x) Equation Due to q Load
Equations 5.36 to 5.41 show the steps of beam shear equation derivation.
V(x) = dM(x)
dx
(5.36)
V (x) = El e px{(Ci(33 -  C2 p3 +  3C2 (33 -  3Cip3) cos(px) +
(C2 p3  + CiP3  -  3Cip3  -  3C2 p3 )sin(px)} + e- px{(-C 3 p3 -  C4 p3  + 3C3 p3  + 
3C4 p3) cos(px) + (—C4 p3  + C3 p3  -  3C3 p3  +  3C4 p3) sin(px)} -
2 q o ^ =1( f ) 3 a „ s i n ( ^ ) l  (5.37)
V (x) = El ePx{(2C2 p3  -  2C1 p3) cos(px) + (—2Cxp3  -  2C2 p3 )sin(px)} +  
e-|3x{(2C3 p3  + 2C4 p3) cos(Px) + (—2C3  p3  + 2C4 p3) sin(Px)} —
2qoSS=1 ( “ ) 3 a „ s in (= )]  (5.38)
V (x) = El jepx{C13 cos(px) + C14 sin((3x)} + e“px{C15 cos(fix) + C16 sin(px)} -
2 q „ ^ ( f ) 3 an s i n ( = ) ]
Where,
C1 3  = —2Cxp3  + 2C2  p3; 
C1 4  = -2C 1 p3 -2 C 2 p3; 
C1 5  = 2C3 p3  + 2C4 p3; 
C1 6  = -2C 3 p3  + 2C4 p3;
(5.39)
C1 3 - 2 p3 2 p3 0 0  ' rcii
Ci 4 - 2 p3 - 2 p3 0 0 £ C2
Cl5 0 0 2 P3 2P3 C3
Lc16J .  0 0 —2 p3 2 p3. LcJ
(5.40)
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V (x) =  El * [ePxcos(Px) ePxsin((3x) e Pxcos(Px) e Pxsin((3x)] *
—2p3 0 0 ' [Ctl
2p3
0
2p3
0
0
- 2 p 3
0
—2p3
* c2c3 - 2 q or „ =1© 3 an s i n ( ^ ) (5.41)
. 0 0 2P3 - 2 p 3. LcJ
5.4.5 Determination of Constants Ci to Ci6
Using boundary conditions x = 0, V = 0, M = 0, and x = L, V = 0, M = 0 in Eq. 5.35 
and Eq. 5.41, matrix [M][C] = [R] can be found. This matrix is expressed in Eq. 5.42. M 
matrix is a function of basic parameters such as (3, L, ks, E and I, whereas R matrix is a 
function of parameter q load. Once all the parameters mentioned above are known, using 
the matrix [C] = [M]"'[R] (Eq. 5.43), constants Ci to C4 can be found. Once Ci to C4 are 
known, using Eq. 5.28, 5.34 and 5.40, constants C5 to Ci6 can be found. Equations 5.44 to 
5.59 shows coefficients of M inverse matrix. Equations 5.60 to 5.67 are used to simplify 
the solution Equation 5.68 shows the final matrix solution of beam deflection. The same 
matrix can be developed for rotation, moment and shear.
m 
= m
m
152
J
CO­
CO. +
J
CO.
'w '
V3
Ou
Viro o 
CO. u  
CO- .  j
cm * ca
I CM II I 0)1 N '7-
CO. ~  r t  co. CM ,I <U
roca
CM
J
CO.
c
^  ‘aJ  I ca *w  O' f*) c Jca .s ca
*  n-3 V5
CM ^  O
I '« v£
CM
*
ca
CM
I
<N
i/S
ca
CM
I
Q 1
CM
I
Jca/cto
+
/""S
cav—/
tOOo
ca
CM
ca
CM
I
Jca
Jca
ca
CM
hJca
m
in
ca
COoa g
QQ. * U
N  N  o .
I <U
-Jca.W
C/3Ou
<M -Jcav—/
c
‘t/3
<D
ca
CM
u
fO *
CM {M
I
ca
CM
_3ca
nJca
O mJu caJ  V Jca. 7^w .5
ca !N d
-4CO.
c
oa jp> 
a  * ca 0)
-Jca
**w^a
'Co
CM (S
Jcav_>
C/3Ouca
CM I caI 0)
ca
CM
ca
CM
Jca
P-Jca
C’v5
ca
CM
+
Jca
ca
CM
153
in
inTt
in
vo
in
o
in
oo
N;
in
c*^t
in
oin
in
in
in
CNin
in
C O .
(N
CJ
c?ca
c
*55
ca +N_'VI oo nJu caJ vca onI0) Ou<N W-*oa ,JCN ca.i
1 4)
*
rooa
CN
- Joa
31ca
CJca
caCM
ca
CN
_3ca
m #
on
O' 8 
m 3  1ca wO i-3w ca
"? “■ 'e'| QJ C
fNca _
CM Jca
on
3Jca
m  . 3
0)
*
caCN
hJca
c
caCN
-O -O -D
N1
X3
hJcas—/toOu
caCN
w n m «H N M ^Xi X3 XJ Xi
N  N  N  N
-o a
*Q Xi
N-Z3
CO.w
CN
fi
CO
+
/ - \
JCD.V*—/ 
CN 
V )ou
hJCD
V)
Oo
J
co.
"to
*
CN
I
V -v-^
00oa
oo
hJoaw
CN
C/3oU
+
/"***>
mJoa
C • ^vj
ClCM
I
<U
00c a
oo
Jc as_^
to
OU
Joav_/
_g
"to
*
CM
I
3o a  '—' 
CM
c• •■N
to
+
/'“N
Joa
CNtoou
' - Y - '
*
c a
oo
I
a
- j
oa
CN
c
> l-Hto
I
oa
CN
to
0  u
1
Jca
CN
I
0)t".oa
oo
I
CNHX*
-Jc a
to
Ou
•Joa
C
» f Hto
*
cn
jca
I
CL)coc a
oo
c a  -•—/ 
to 
O u
Jca
cuisc a
co
joa
V iOU
+  
/—\ 
Jc aS^/
c
"55
*
CN
ca
I
a)tv
ca
oo
I
r*~\
J
GXN-/
to
Ou
#
CD.'w'
G
to
*
CN
I1
J
CCL
CN
a
"to
*
ro
i1
J
CD.'w/
CN
to
OuI
1
00
CD.
00
+
r"*—\smm\
-J
CD.v
CN
.£"Co
+
j
CD.N—S
CN .  ^to /—\
O Ju CO.
31 CNca c
CN
1 to
0)CO CD.
CD. VO
00
i|
rH
IIII
r-l
1!
CN
CN CN
X3 Xi
jc a~—j 
V io
u
+
3c a  —* 
c
to
-3ca
I
<ucoo a
oo
+
hJo a
V iOu
+
/—\ 
hJc a
V IS Jhj
ca
tucoc a
oo
ro
CM
-Q
1-3oa
to
*
►Jca
cutvc a
oo
+  
r—s
Jo a
to
■#
J
oa
I
a>
tvc a
00
I
•*
tM
JO
—
8p
8{
—
2 
* 
sin
((3
L)
 
+ 
co
s((
3L
) 
+ 
co
s2
(|3
L)
 
— 
si
n2
(3
L)
} 
+ 
8p
8e
2P
L{
si
n2
(p
L)
 
+ 
co
s2
(3
L)
};
 
(5
.5
3)
154
/—S /—N y'—V
VO r- OO O n«n in in in in
in in in in in in
nw -' 'w ' 'w /
l i II II II II II II
rH (M cn rH CM cnro cn cn cn
43 42 42 42 42 43 42
155
Let’s assume,
[E] = [e^xcos(px) ePxsin((3x) e_(3xcos(Px) e-|3xsin(px)];
© 2 
0
e r
[F] =
fn V  ( i n
a /  It )
o o
( i)2 ( r ) 2 
o o
2 '3TA2 / 4 l t '21
, L / \ L .
0 0
rn l  r f l i x \  /2ltx\ /3ltX\ /4UX\]
[G] =  [cos(rJ cosh r )  C0H t )  C0S(t )J-
So,
(5.60)
(5.61)
(5.62)
rCiic2
3^ 1
1 1—1
LcJ
o
. 2
CL*]
o
= [D]»
©2 Hzr
0 0 0
2-i
a r
o
H?r
0
•Hr)'
0
16  f  
0
a l
a,
rcii "ai"
c2
c3 = [D] [F]
a2
a 3
LcJ a4
a 3 
CI4
(5.63)
(5.64)
'a i ' a i '
[wB(x)] =  [[E] * [F] * [D]] * a 2
a 3
+  £  +  [G ].
Ks
a 2
a 3
,a 4. _a 4 .
(5.65)
[wB(x)] =  [[E] * [F] * [D] + [G]] * , A 0
k s '
(5.66)
Let’s assume,
[EE] • [F] .  [D] + [G]] = [H, H2 H3 HJ
’Ao‘
[wB(x)l =  [£  H, Ha H3 H,
a l
a2
a 3
a4
(5.67)
(5.68)
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Here are the steps of the solution in a systematic order for a known load:
1. Using the beam theory, a closed-form beam deflection, rotation, moment and shear 
equation was developed where the load q as a pressure load (i.e., self-weight, UDL) 
is expressed as a Fourier series.
2. Using the boundary conditions x = 0, V = 0, M = 0 and x = L, V = 0, M = 0, [M][C] 
= [R] matrix was developed.
3. Using [C] = [M]-l [R], matrix constants Cl to C4 can be found.
4. Using the values of Cl to C4, C5 to Cl 6 can be measured.
5. Using Eq. 5.23, 5.29, 5.35 and 5.41 deflection, rotation, shear and moment can be 
found.
5.5 Expanding the Closed-Form Winkler Solution to Expansive Soil 
In section 5.4, deflection, rotation, moment and shear force on a beam under a 
known q load has been derived. If the load is not known but the deflection of the beam due 
to an unknown load is known (i.e., deflection of the beam caused by the volume change of 
expansive soil below the beam), an analytical method has been proposed to find an 
equivalent virtual load q(x), which will create deflection of a beam resting on regular soil 
the same as the deflection of that beam resting on an expansive soil. If the structural 
property of the beam is known, then the only unknowns are Ci through C4, which is a 
function of constants Ao and ai through a4, where Ao and ai through a4 are Fourier constants 
of load q(x). So, basically in Eq. 5.68, the only unknowns are Fourier constants o f load 
q(x). In a known deflection with an unknown load situation, these Fourier constants can be 
found using regression analysis with the predicted soil heave/shrinkage (wp) of the
expansive soil. There are a numerber of empirical equations available to predict soil 
heave/shrinkage (wp) as described in Chapter 3.
Here are the steps of the solution in a systematic order for a known soil 
heave/shrinkage:
1. Predict the heave/shrinkage at different points of the beam wp(x), using different soil 
volume change equations, as described in Chapter 3.
2. Using the closed-form Winkler solution, find the equation of deflection of the beam 
wB(x). The only unknown of the deflection equation (Eq. 5.68) will be the Fourier 
constants.
3. Using regression analysis between wP(x) and wB(x), find the Fourier constants. Now 
load q(x) is known as are the Cl to C4 constants since they are a function of Fourier 
constants.
4. Now follow steps 4-5 of the “Steps of the solution in a systematic order for a known
5.6 Calculating the Combined Solution Using Superposition Method 
Using superposition theorem, the combined effect on the beam can be found. For 
example, in the case of soil heave, the combined beam deflection can be found from Eq. 
5.69, and for soil shrinkage, the combined deflection can be found from Eq. 5.70.
load.”
WC(x )  = Wq(x) +  Ww(x) +  WH(X), (5.69)
and
w c(x) = w q(x) +  w w(x) +  w s (x) (5.70)
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Where,
wc(x) = Combined beam deflection; 
wq(x) = Beam deflection due to external q load; 
ww(x) = Beam deflection due to self-weight; 
w h ( x )  = Beam deflection due to soil heave; 
ws(x) = Beam deflection due to soil shrinkage.
In the same way, combined rotation, moment and shear can be found. Generally, 
beam self-weight is minimal, and its contribution to deflection, rotation, moment and shear 
can be ignored. Once moment and shear are known, bending stress and shear stress at every 
section can be found using Eq. 5.71 and Eq. 5.72.
0 = bending stress of a beam at a section x- distance from the side; 
t = shear stress of a beam at a section x- distance from the side;
M = total bending moment of a beam at a section x- distance from the side;
V = total shear force of a beam at a section x- distance from the side; 
y = distance from the neutral axis to the top/bottom fiber of the beam at a section 
x- distance from the side;
1 = the second moment of inertia of a beam at a section x- distance from the side; 
Q = the first moment of area of the top/bottom portion of the cross-sectional area
at a section x- distance from the side; 
t = thickness of the section.
a(x) = (5.71)
V (x )Q (x ) (5.72)
Here,
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5.7 Parametric Study of the Proposed Method 
Once the model is developed, a parametric study is carried out. In the parametric 
study, two extreme situations are considered: 1) extreme heave and 2) extreme shrinkage.
5.7.1 Defining Structural Properties of the Beam
A beam is considered resting on expansive soil, as shown in Fig. 5.5. The structural 
properties of the beam are defined in Table 5.1. Young’s modulus E cia y  for soft clay can be 
defined from its undrained shear strength Cu from Eq. 5.73 [291]. In 1962, Korenev 
suggested ks values for different types of soil, as shown in Table 5.2 [296]. Here, Eq. 5.74 
is used to find the subgrade modulus ks [297-299]. From Table 5.1, the ks value for 
analyzing soil heave/shrinkage (B=10) and beam self-weight (B=10) is found to be 
2.67xl02kN/m3, whereas for external load case (B=l), ks value is found to be 2.67*103 
kN/m3. For this parametric study, Young’s modulus E is taken to be E = 50,000 kPa. Here, 
L is the width of the pavement, r is the distance from the edge of the pavement to the 
starting of the load, B is the width of the load, and finally, h is the height of the pavement. 
In the parametric study, soil heave and shrinkage-induced beam properties are calculated. 
Expansive-soil-induced virtual load is present for the whole cross-section. For that reason, 
while measuring the stress on pavement caused by expansive soil, the value of r is equal 
zero while the value of B is taken to be the same as L. Two extreme cases, soil extreme 
heave and soil extreme shrinakge, are taken into consideration in the study.
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-> + x
M/ \l /  M/
h - ^ - H
+ y
Fig. 5.5 A Typically Loaded Beam
Eciay = (200 ~  500) * Cu
, _  EClay
s B(l-u2)
(5.73)
(5.74)
Table 5.1 Structural Properties of the Beam
Parameters Expansive Soil
r (m) 0
B (m) 10
L (m) 10
h(m) 0.584
qw (kPA)
ks (kN/m3) 2.67x102
E (kN/m3) 50000
U 0.5
yc (m) 0.292
El (kN-m) 830.756
Table 5.2 Modulus of Subgrade Reaction ks
General description of the 
soil Type of Soil ks (kg/cm3)
Lower density soil Quicksand; filled-up sand; wet, soft clay 0.1-0.5
Average density soil Sandy ballast, loose gravel, wet clay 0.5-5
Compact solid soil High-density sand, gravel, dry clay 5-10
Very solid compacted soil Compacted sandy clay, stiff clay 10-20
Stiff soil Soft, rocky soil; limestone; sandstone 20-100
Rocky soil Rock 100-1500
Reinforced soil Pile foundation 5-15
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5.7.2 Defining Soil Properties and Soil Heave Prediction
A road in Texas was constructed over expansive soils. TxDOT installed 
horizontal and vertical moisture content sensors underneath the pavement. A yearlong 
reading was taken by the TxDOT. Figure 5.7 shows the section of the Texas FM2 
pavement. The Texas FM2 road is modeled using VADOSE/W program and heave 
distribution underneath the shoulder region is found [300]. Figure 5.6 shows the diagram 
of the model. After finishing the reading, moisture content distributions at different 
location were plotted for horizontal sensors and vertical sensors. Figure 5.7 shows the 
horizontal moisture distribution underneath the pavement where Fig. 5.8 shows the 
vertical moisture content distribution in the ditch.
Asphalt (25 mm)
New base course (180 mm)
^^qrhpialcltjeJjl)rhei-|rteaited! i
- i I l LjJ j L l I i 1 I i 11 1 i , 11 i j i
Existing base course (125 mm)
* ■ — ■
Subgrade 3 *
a.
Drainage ditch
OA
4
CL
1-2
Fig. 5.6 Placement of Horizontal and Vertical Moisture Sensors at FM 2 Site 
(Modified after Gupta [301])
From the thirty year climate data of the pavement location the driest month was 
found July and the wettest month was found September as showed in the Fig. 5.9. 
Theoretically moisture distribution of the date close to July and September from Figs. 5.7 
and 5.8 should be taken to replicate extreme shrinkage and replicate extreme heave 
condition.
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Fig. 5.7 Horizontal Moisture Data from Four Sensors (Modified after Gupta [301])
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Fig. 5.8 Vertical Moisture Data from Four Sensors [301]
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Fig. 5.9 Wet and Dry Season at the Site Based on 30-year Average Climate Data 
[301]
Ikra [300] used VADOSE/W to simulate the moisture distribution and calculate 
the heave underneath the Texas FM2 pavement. She used Daily weather data (from 
February 2, 2006 to February 1, 2007) from the station College Station, Bryan District of 
Texas was used to obtain the temperature, precipitation, relative humidity of FM 2 site. 
All those data showed the driest day was July 17th and the wettest day was January 20th. 
Figure 5.10 shows the model which later she verified using the moisture distribution 
profile found from the model in the ditch at different dates with the moisture distribution 
found from Fig. 5.8 on those same dates.
10 15
Distance (m)
Fig. 5.10 A Model Geometry used in VADOSE/W Simulation [300]
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Once the model is verified the extreme heave and shrinkage calculated from the 
VADOSE/W can be taken as a reference. In this analysis, the soil extreme heave and 
extreme shrinkage at the ditch (station 1) and the edge of the paved section (station 2) 
were taken from the VADOSE/W software. The soil heave and shrinkage at the edge of 
the shoulder (station 1-2) were calculated from the average heave and shrinkage of 
station 1 and station 2. At the pavement center there was no moisture content change and 
it is assumed no soil volume change at station 4. Finally, soil heave and shrinkage at 
stations in between station 2 and station 4 are linearly distributed as shown in Table 5.3.
Asphalt (25 mm)
New base course (180 mm)
^  ;,;, ;  j ;;; j ;;;; j | | | ,
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 X - 2m
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Location 2 Location 1-2 Location 1
Heave = Heave = Heave =
29.17 mm 23.07 mm 16.97 mm
Shrinkage = Shrinkage = Shrinkage -
19.95 mm 154.085 mm 288.22 mm
Fig. 5.11 Soil extreme heave and shrinkage during one year found from the 
VADOSE/W Simulation
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5.7.3 Structural Analysis of Pavement Due to Extreme
Soil Heave and Shrinkage
At first, the extreme soil heave/shrinkage is calculated from section 5.7.2. Once 
the heave/shrinkage values (wp) is known then following the closed-form solution as 
described in section 5.4, the virtual load q(x) is found. Later the virtual load is used to 
find the deflection, rotation, bending moment, shear force, bending stress and shear stress 
of the pavement. Table 5.4 shows the extreme-heave condition and Table 5.5 shows the 
extreme-shrinkage condition deflection, rotation, bending moment, shear force, bending 
stress and shear stress at 31 locations of the 10-m pavement cross-section of the FM 2 
road. A series of figures are plotted using the values of Tables 5.4 to 5.5. Figure 5.12 
shows soil-heave-induced effects on the pavement, and Fig. 5.13 shows the shrinkage 
effect on the pavement. Table 5.6 shows the percent change of deflection, bending stress 
and shear stress between extreme heave and extreme-shrinkage conditions in the FM 2 
road. From Table 5.6, it can be concluded that shrinkage has a more severe effect on the 
pavement than extreme-heave condition. Texas FM2 Pavement deflection increased by 
369% and bending stress increased by 289%, but shear stress decreased by 422% in the 
extreme-shrinkage condition compared to extreme-heave condition. The maximum 
bending moment is found about 30 kPa during the extreme shrinkage condition. This 
peak value is found at 2.2-m from the shoulder edge. From the pictures of pavement, the 
longitudinal cracks occurs and propagates in between 1-m to 2.5-m. The location of the 
cracks found from the analytical solution would converge more with the field 
investigation if the whole cross-section including the shoulders of the pavement, is not 
taken as a paved section.
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Table 5.4 Pavement Structural Analysis Due to Virtual Load (Extreme Heave)
Soil-heave-induced )avement pro Gerties
X W b ( x ) ,  m <|>(x) M(x), kN-m/m
V(x),
kN/m o (x), kPa x (x), kPa
0.00 -2.6E-02 1.2E-05 6.1E-16 2.9E-17 1.1E-14 7.4E-17
0.33 -2.6E-02 4.6E-05 -2.5E-01 -3.0E+00 -4.4E+00 -7.6E+00
0.67 -2.6E-02 2.8E-04 -9.6E-01 -5.3E+00 -1.7E+01 -1.4E+01
1.00 -2.6E-02 8.5E-04 -2.0E+00 -6.5E+00 -3.4E+01 -1.7E+01
1.33 -2.5E-02 1.9E-03 -3.0E+00 -6.1E+00 -5.3E+01 -1.6E+01
1.67 -2.4E-02 3.3E-03 -3.9E+00 -4.2E+00 -6.9E+01 -1.1E+01
2.00 -2.3E-02 4.9E-03 -4.4E+00 -1.1E+00 -7.7E+01 -2.8E+00
2.33 -2.1E-02 6.7E-03 -4.2E+00 2.9E+00 -7.4E+01 7.3E+00
2.67 -1.8E-02 8.2E-03 -3.4E+00 6.9E+00 -6.0E+01 1.8E+01
3.00 -1.6E-02 9.3E-03 -2.0E+00 1.0E+01 -3.4E+01 2.7E+01
3.33 -1.2E-02 9.7E-03 3.2E-03 1.3E+01 5.6E-02 3.3E+01
3.67 -9.1E-03 9.3E-03 2.2E+00 1.3E+01 3.9E+01 3.4E+01
4.00 -6.2E-03 8.0E-03 4.4E+00 1.2E+01 7.7E+01 3.1E+01
4.33 -3.9E-03 5.8E-03 6.2E+00 9.3E+00 1.1E+02 2.4E+01
4.67 -2.4E-03 3.1E-03 7.4E+00 5.0E+00 1.3E+02 1.3E+01
5.00 -1.9E-03 -9.3E-08 7.8E+00 -2.0E-04 1.4E+02 -5.0E-04
5.33 -2.4E-03 -3.1E-03 7.4E+00 -5.0E+00 1.3E+02 -1.3E+01
5.67 -3.9E-03 -5.8E-03 6.2E+00 -9.3E+00 1.1E+02 -2.4E+01
6.00 -6.2E-03 -8.0E-03 4.4E+00 -1.2E+01 7.7E+01 -3.1E+01
6.33 -9.1E-03 -9.3E-03 2.2E+00 -1.3E+01 3.9E+01 -3.4E+01
6.67 -1.2E-02 -9.7E-03 3.0E-03 -1.3E+01 5.3E-02 -3.3E+01
7.00 -1.6E-02 -9.3E-03 -2.0E+00 -1.0E+01 -3.4E+01 -2.7E+01
7.33 -1.8E-02 -8.2E-03 -3.4E+00 -6.9E+00 -6.0E+01 -1.8E+01
7.67 -2.1E-02 -6.7E-03 -4.2E+00 -2.9E+00 -7.4E+01 -7.3E+00
8.00 -2.3E-02 -4.9E-03 -4.4E+00 1.1E+00 -7.7E+01 2.8E+00
8.33 -2.4E-02 -3.3E-03 -3.9E+00 4.2E+00 -6.9E+01 1.1E+01
8.67 -2.5E-02 -1.9E-03 -3.0E+00 6.1E+00 -5.3E+01 1.6E+01
9.00 -2.6E-02 -8.5E-04 -2.0E+00 6.5E+00 -3.4E+01 1.7E+01
9.33 -2.6E-02 -2.8E-04 -9.6E-01 5.3E+00 -1.7E+01 1.4E+01
9.67 -2.6E-02 -4.6E-05 -2.5E-01 3.0E+00 -4.4E+00 7.6E+00
10.00 -2.6E-02 -1.2E-05 -1.3E-09 -2.2E-04 -2.2E-08 -5.6E-04
Max -1.9E-03 9.7E-03 7.8E+00 1.3E+01 1.4E+02 3.4E+01
Min -2.6E-02 -9.7E-03 -4.4E+00 -1.3E+01 -7.7E+01 -3.4E+01
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Fig. 5.12 Extreme-Heave Condition
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Table 5.5 Pavement Structural Analysis Due to Virtual Load (Extreme Shrinkage)
Soil-shrinkage-induced pavement properties
X Wb(x), m <t>(x)
M(x), kN- 
m/m
V(x),
kN/m a (x), kPa x (x), kPa
0.00 1.2E-01 -6.3E-02 0.0E+00 2.1E-15 0.0E+00 5.3E-15
0.33 1.0E-01 -6.3E-02 -1.2E+00 -2.8E+01 -2.2E+01 -7.3E+01
0.67 7.9E-02 -6.2E-02 -5.0E+00 -5.1E+01 -8.7E+01 -1.3E+02
1.00 5.9E-02 -5.9E-02 -1.1E+01 -6.6E+01 -1.9E+02 -1.7E+02
1.33 4.0E-02 -5.3E-02 -1.7E+01 -7.0E+01 -3.1E+02 -1.8E+02
1.67 2.4E-02 -4.5E-02 -2.4E+01 -6.4E+01 -4.2E+02 -1.6E+02
2.00 1.1E-02 -3.4E-02 -2.9E+01 -4.9E+01 -5.0E+02 -1.3E+02
2.33 1.5E-03 -2.2E-02 -3.0E+01 -2.7E+01 -5.4E+02 -7.0E+01
2.67 -3.9E-03 -1.0E-02 -2.9E+01 -3.4E+00 -5.1E+02 -8.6E+00
3.00 -5.4E-03 7.2E-04 -2.4E+01 1.9E+01 -4.2E+02 4.9E+01
3.33 -3.7E-03 9.0E-03 -1.7E+01 3.6E+01 -2.9E+02 9.3E+01
3.67 2.2E-04 1.4E-02 -7.3E+00 4.5E+01 -1.3E+02 1.2E+02
4.00 5.1E-03 1.5E-02 2.2E+00 4.5E+01 3.8E+01 1.2E+02
4.33 9.7E-03 1.2E-02 1.0E+01 3.6E+01 1.8E+02 9.2E+01
4.67 1.3E-02 6.9E-03 1.6E+01 2.0E+01 2.8E+02 5.1E+01
5.00 1.4E-02 -1.6E-07 1.8E+01 -6.8E-04 3.1E+02 -1.7E-03
5.33 1.3E-02 -6.9E-03 1.6E+01 -2.0E+01 2.8E+02 -5.1E+01
5.67 9.7E-03 -1.2E-02 1.0E+01 -3.6E+01 1.8E+02 -9.2E+01
6.00 5.1E-03 -1.5E-02 2.2E+00 -4.5E+01 3.8E+01 -1.2E+02
6.33 2.2E-04 -1.4E-02 -7.3E+00 -4.5E+01 -1.3E+02 -1.2E+02
6.67 -3.7E-03 -9.0E-03 -1.7E+01 -3.6E+01 -2.9E+02 -9.3E+01
7.00 -5.4E-03 -7.2E-04 -2.4E+01 -1.9E+01 -4.2E+02 -4.9E+01
7.33 -3.9E-03 1.0E-02 -2.9E+01 3.4E+00 -5.1E+02 8.6E+00
7.67 1.5E-03 2.2E-02 -3.0E+01 2.7E+01 -5.4E+02 7.0E+01
8.00 1.1E-02 3.4E-02 -2.9E+01 4.9E+01 -5.0E+02 1.3E+02
8.33 2.4E-02 4.5E-02 -2.4E+01 6.4E+01 -4.2E+02 1.6E+02
8.67 4.0E-02 5.3E-02 -1.7E+01 7.0E+01 -3.1E+02 1.8E+02
9.00 5.9E-02 5.9E-02 -1.1E+01 6.6E+01 -1.9E+02 1.7E+02
9.33 7.9E-02 6.2E-02 -5.0E+00 5.1E+01 -8.7E+01 1.3E+02
9.67 1.0E-01 6.3E-02 -1.2E+00 2.8E+01 -2.2E+01 7.3E+01
10.00 1.2E-01 6.3E-02 -1.0E-08 -1.7E-03 -1.8E-07 -4.4E-03
Max 1.2E-01 6.3E-02 1.8E+01 7.0E+01 3.1E+02 1.8E+02
Min -5.4E-03 -6.3E-02 -3.0E+01 -7.0E+01 -5.4E+02 -1.8E+02
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Fig. 5.13 Extreme-Shrinkage Condition
Table 5.6 Change of Pavement Structural Properties in Extreme Condition
Maximum W b (x ), (m) Maximum o (x), kPa Maximum t  (x), kPa
Extreme
heave
Extreme
shrinkage
Extreme
heave
Extreme
shrinkage
Extreme
heave
Extreme
shrinkage
By
virtual
lo a d
2.6E-02 1.2E-01 1.4E+02 5.4E+02 3.4E+01 1.8E+02
%
Change 369 289 422
5.8 Conclusion
From the moisture content sensor data, it was shown that the FM 2 pavement over 
expansive soil experiences more shrinkage than heave. As the soil volume change 
prediction is used to measure pavement deflection through regression, at shrinkage, the 
pavement experiences more bending moment than at the time of soil heave. This 
developed analytical method’s performance is largely dependent on the accuracy of the
soil volume change prediction. In this research, soil volume change is calculated using 
VADOSE/W software. In the analytical method, using virtual load is a very simple but 
innovative idea, and from the plotted figures shows a good representation of how soil 
volume change affects pavement.
CHAPTER 6
SOIL STABILIZATION WITH GEOPOLYMER MATERIAL
6.1 Introduction
It is widely known that the production of Portland cement consumes considerable 
energy and at the same time contributes a large volume of CO2 to the atmosphere. 
However, Portland cement is still the main binder in concrete construction prompting a 
search for more environmentally friendly materials. One possible alternative is the use of 
alkali-activated binder using industrial byproducts containing silicate materials. The most 
common industrial by-products used as binder materials are fly ash (FA) and ground 
granulated blast furnace slag (GGBS). GGBS has been widely used as a cement 
replacement material due to its latent hydraulic properties, while fly ash has been used as 
a pozzolanic material to enhance the physical, chemical and mechanical properties of 
cements and concretes. GGBS is a latent hydraulic material which can react directly with 
water, but requires an alkali activator. In concrete, this is the Ca(OH)2 released from the 
hydration of Portland cement. The term “geopolymeric” is used to characterize this type 
of reaction from the previous one, and accordingly, the name geopolymer has been 
adopted for this type of binder. The geopolymeric reaction differentiates geopolymer 
from other types of alkali activated materials (such as; alkali activated slag) since the 
product is a polymer rather than C-S-H gel.
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In this chapter, soil stabilization using geopolymer will be evaluated. A series of 
soil samples were prepared with different concentrations of geopolymer and cement, and 
they were allowed to stabilize for 7,14 and 30 days. Finally, experiments were conducted 
to evaluate their stabilization performance with concentration and time.
6.2 Geopolvmer
Geopolymers are made up of aluminosilicate-based cementitious materials. It has 
properties similar to cement (i.e., high strength and strength gain rate, superior resistance 
to corrosion, heat and chemical attack, and low permeability) with a lesser carbon 
footprint than cement [302]. According to Davidovits [303], for every ton of Portland 
cement produced, one ton of carbon dioxide is released into the atmosphere, making it a 
serious concern to the global greenhouse gas effect. One of the impressive things about 
geopolymer is it can be produced either by naturally occurring raw materials (i.e., clay, 
mica, etc.) or by making use of industrial byproducts (i.e., fly ash and rice husk ash). One 
of the major problems is lack of awareness, and because Portland cement is used so 
widely, geopolymer is still perceived to be more of a laboratory product [304],
6.3 Geopolvmer Chemistry
Geopolymer works like fly ash in the presence of an activator solution created of 
geopolymeric chains, which is referred to as geopolymerization. The empirical formula 
developed by Davidovits [303] for aluminosilicate can be written as Mn{-(Si02)z- 
A102)n.wH20 where M can be any number of cation (i.e., Na+, K+, Ca++ , Ba++, NFLf1-, 
H30 +), and n is the degree of polymerization. The letter z represents 1, 2, or 3,
determining the resulting geopolymer net. For the case of Z=l, the net will be of the 
polysialate type. If Z=2, the net will be a poly(sialate-siloxo), and if Z=3, the net will be a 
poly(sialate- disiloxo) [304]. Figure 6.1 presents the structural model proposed by 
Davidovits [302]. Scientists Van Deventer and Xu [305] described the three main steps of 
geopolymerization, which are described here. These four steps typically overlap each 
other under thermal curing and are hard to recognize in the reaction process [304].
1. Dissolution of silicon and aluminum species from the source material through the
action of a highly alkaline solution.
2. Transportation of species and formation of monomers.
3. Polycondensation and growth of polymeric structures, resulting in the hardening of 
the material.
Sodium-Poly(sialate) 
Sodalite framework Na-PS
Potassium Poly(sialate-disiloxo) 
Sanidine framework K-PSDS
m
Potassium-Poly(sialate) 
Kalsilite framework K-PS
Potassium-Poly(sialate-siloxo) 
Leucite framework K-PSS
Calcium-Poly(disialate) 
Anorthite framework Ca-PS
Fig. 6.1 Structural Model of Geopolymer Proposed by J. Davidovits [302]
6.4 Important Definition of Geopolvmer 
Fly ash: Fly ash is defined by the American Concrete Institute, A C I116R, as “the 
finely divided residue that results from the combustion of ground or powdered coal and 
that is transported by flue gases from the combustion zone to the particle removal 
system” [306]. Fly ash, which is transported along with the flue gases and captured by 
pollution control devices, namely, electro precipitators or bughouses and occasionally by 
scrubber systems, is a very fine and powdery material made of spherical shaped particles 
that are in the range of a few microns to 100 pm [304], Typically, a small portion of the
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chemical composition is arranged in crystalline form, mainly quartz and mullite, and the 
rest are amorphous with no particular arrangement due to rapid cooling after leaving the 
boiler [226]. Fly ash is classified according to ASTM standard C618 into three different 
groups:
Class F fly ash is generally found as a byproduct of the burning of either lignite 
(or sub-bituminous) coal and anthracite (or bituminous) coal. The minimum requirement 
of summation of silicon, aluminum, and iron oxide is 70% with an Loss of Ignition (LOI) 
and calcium oxide maximum value of 6% and 10%, respectively [304],
Class C fly ash is generally found from lignite, sub-bituminous, anthracite and 
bituminous coal. This slightly cementitious fly ash allows a maximum summation of 
silicon, aluminum and iron oxide up to 50%, a maximum LOI of 6% and a minimum 
calcium oxide of 10% [304].
Class N fly ash is generally found from raw or calcine natural pozzolans such as 
opaline cherts, shales, volcanic ashes, pumicite and various materials. It has a 
requirement of a minimum summation of 70% of silicon, aluminum and iron oxide, as 
well as a maximum LOI of 10% [304].
Add-water geopolymer: Generally, geopolymer is used with its caustic activators, 
which may cause safety issues. For this reason, add-water geopolymer was developed in the 
construction industry, and it performs similarly to ordinary Portland cement (OPC). In this 
research, to produce add-water geopolymer, METSO® 2048 from PQ® was used.
6.5 Soil Stabilization Experiment Design 
There is no standardized method for soil stabilization with geopolymer so far. In 
this research, an experiment was designed to evaluate soil stabilization with geopolymers.
For this process, four batches of soil samples were produced, and each batch of soil was 
mixed with either 5%, 10% or 20% geopolymer cement (GPC) and 10% cement by 
weight. Each batch consisted of three samples.
The procedure of producing GPC is described as follows:
1. 60 gm METSO® beats were mixed with 100 gm water to make a solution (Fig. 6.2a).
2. 100 gm fly ash were taken.
3. 100 gm fly ash were then mixed with 13 gm METSO® solution, creating 0.13 GPC
Fig. 6.2 (a) METSO® Solution and (b) 0.13 GPC
The procedure for soil sample preparation is described as follows:
1. 500 gm expansive soil passed through 0.420 mm sieve were mixed with either 5%, 
10% or 20% GPC, and 10% cement by weight.
2. To make a thorough mix, additional water was added. To find the minimum water to 
be added, water was added little by little to find the minimum moisture content
(Fig. 6.2b).
(a) (b)
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needed to make a thorough soil paste of soil and GPC. In every batch, the same 
moisture content was maintained so that the final results could be comparable with 
each other. The moisture content was found to be 27%, and a different amount of 
water was added in 5%, 10% or 20% GPC and 10% cement to make sure every batch 
had a 27% moisture content.
3. Once the soil batches were produced, they were placed in tube-like containers.
4. In containers soils were placed in three layers with 30 tamping in each layer.
5. After the tamping the samples were covered with a plastic covers to get air dried (Fig. 
6.3).
6. The curing period was taken as 7 days, 14 days and 21 days.
7. After curing, the soil samples were taken out of the containers and again placed in the 
consolidation ring in three layers with 30 tamping in each layer.
8. Perform consolidation test of the nine samples, as illustrated in Fig. 6.4.
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Fig. 6.3 Stabilized Soil Samples under Curing Process
Fig. 6.4 Consolidation Test of the Stabilized Soil
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6.5.1 Consolidation Test of the Stabilized Soil
Figs. 6.5 to 6.7 show the results of the consolidation test of all twelve soil 
samples. Finally, the relation between compression index (Cc) and swelling index (Cs) 
with curing time is shown in Figs. 6.8 and 6.9.
1.35
1.25
o» 1.15
o'♦ fH
H 1.05
£ 0.95
0.85
0.75
5% GPC, 7day
10% GPC, 
7day 
•X—20% GPC, 7 
day
A—10% OPC, 7 
day
10 100
Pressure, P (kPa)
1000
Fig. 6.5 Seven-Day Soil Stabilization
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6.6 Conclusion
The following conclusions can be made from this chapter:
1. As the GPC percentage is increased, the expansive soil becomes more stabilized
with less void ratio change under the same pressure.
2. At any curing time, cement stabilizes soil better than GPC. Even 20% GPC, 
stabilizes soil under a specific load change more void than a 10% cement stabilized 
soil.
3. On average, 10% GPC stabilized soil has 90% more compression index than 20% 
GPC stabilized soil.
4. On average, 20% GPC stabilized soil has 77% more compression index than 10% 
cement stabilized soil.
5. On average, 10% GPC stabilized soil has 150% more swelling index than 20% GPC 
stabilized soil.
6. On average, 20% GPC stabilized soil has 100% more swelling index than 10% 
cement stabilized soil.
CHAPTER 7
EFFECT OF MOISTURE CONTENT ON 
GEOTHERMAL ENERGY
7.1 Introduction
Increased moisture content in soil can be used to harvest geothermal energy from 
the soil. This chapter describes the potential of heat-pump-based geothermal energy 
harvesting potential in Louisiana. Managing energy sources is one of the major 
challenges of the 2 1st century. Geothermal energy has far less carbon footprint than its 
hydrocarbon-based energy sources. Louisiana is still at an early stage in tapping its 
geothermal energy reserve. Most notable progress in this field is installing 10,000 ground 
source heat pumps in grout-filled boreholes at the Fort Polk Army base [251], There are 
many types of heat-pump systems available. In this chapter, only the closed-loop, vertical 
heat exchanger system in Louisiana will be described. The closed-loop, vertical heat 
exchanger can be divided into two types: 1) borehole heat exchanger (Fig. 7.1), and 2) 
energy-pile heat exchanger (Fig. 7.2). In the borehole heat exchanger system, a vertical 
borehole will be constructed, and inside the borehole, U-tube will be placed. Finally, it 
will be filled with grout. However, in the energy-pile heat exchanger system, the building 
foundation pile will be used. During construction, U-tube will be placed inside the
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concrete pile. Energy-pile heat exchanger systems are especially useful when there is a 
scarcity of free land around the building (i.e., apartments, offices in big cities, etc.). The 
fundamental method behind any kind of heat-pump system is that it uses the temperature 
difference between atmosphere and soil to heat and cool the building.
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Fig. 7.1 A Schematic Diagram of Energy-Pile Heat Exchanger in (a) Summer and 
(b) Winter [254]
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Fig. 7.2 (a) A Schematic Diagram of a Borehole Heat Exchanger in Winter (b) A 
Schematic Diagram of a Borehole Heat Exchanger in Summer [253]
7.2 Design Parameters of Heat-Pump Heat Exchanger System 
U-tube: One of the most important design parameters of a heat-pump heat 
exchanger system is U-tube. In recent years, using high-density polyethylene (HDPE) 
pipe as a U-tube has become an industry standard. Generally, the pipe size is mentioned 
as “standard dimension ratio” or SDR. SDR can be placed inside a borehole or an energy 
pile as a single loop or as a double loop. Each loop type can be placed in three different 
orientations. Table 7.1 shows the relation between U-tube diameter and SDR, and Fig.
7.3 shows all three orientations for only single loop U-tube.
Table 7.1 Equivalent Diameters and Thermal Resistances for Polyethylene U-Tube 
[307]
U-Tube
Dia
SDR or 
Schedule
Pipe Bore) Thermal Resistance (h*ft*F°/Btu)
For Water 
Flows Above 
2.0 US GPM
20% Prop. 
Glycol Flow 
3.0 US GPM
20% Prop. 
Glycol Flow 
5.0 US GPM
20% Prop. 
Glycol Flow 
10.0 US GPM
% in. 
(0.15 ft)
SDR 11 0.09 0.12 NR NR
SDR 9 0.11 0.15 NR NR
SDR 40 0.10 0.14 NR NR
1.0 in. 
(0.18 ft)
SDR 11 0.09 0.14 0.10 NR
SDR 9 0.11 0.16 0.12 NR
SDR 40 0.10 0.15 0.11 NR
1 !4 in. 
(0.22 ft)
SDR 11 0.09 0.15 0.12 0.19
SDR 9 0.11 0.17 0.15 0.11
SDR 40 0.10 0.15 0.12 0.09
1 Zi in. 
(0.25 ft)
SDR 11 0.09 0.16 0.15 0.09
SDR 9 0.11 0.18 0.17 0.11
SDR 40 0.10 0.14 0.14 0.08
Fig. 7.3 Possible U-tube Orientation in Borehole or Energy Pile
Fluid: Inside the U-tube, there is a constant circulation of fluid. The fluid brings 
energy from the soil to the surface. The principle behind the heat transfer from the soil to 
the building is that the fluid, which has an atmospheric temperature, will be sent inside 
the soil from the surface. Once the fluid moves inside the soil, a heat transfer occurs 
between the soil and fluid because the soil temperature is not atmospheric, and, a heat 
transfer thereby occurs between the soil and fluid via the grout (borehole)/conerete 
(energy pile) and HDPE pipe. Thus, fluid is understood to be a critical part of the 
efficiency of this system. There are a few other elements that need to be remembered 
before selecting the type of fluid and the amount of fluid that will be circulated inside the 
U-tube. If the system is placed in the northern US, where the temperature at winter falls 
below the freezing point, antifreeze needs to be added to water. Methanol is a very 
common type of antifreeze used in the industry. In the southern US (i.e., Louisiana, etc.) 
direct water without any chemical can be used as the circulating fluid. Also, an important 
design parameter of the system is the discharge amount of the circulating fluid, which 
partly comes from the desired heat/cool energy. For example, a bigger building with an 
increased number of occupants needs more heating/cooling energy; therefore, more 
energy transfer may be needed, resulting in increased fluid discharge during circulation. 
Another important thing to be remembered is that there is a minimum flow rate needed 
inside the U-tube. Table 7.2 shows the minimum flow rate inside a U-tube. The reason 
behind maintaining the minimum flow rate is to make sure there is enough fluid velocity 
to keep the flow turbulent.
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Table 7.2 Minimum Flow Rate in Pipe [254]
Pipe size (m) Minimum flow rate xlO'3 (m3/s) Pipe size (m)
Minimum flow rate 
xlO'3 (m3/s)
0.019 0.252 0.0381 0.757
0.0254 0.379 0.0508 1.136
0.0318 0.568 0.0762 2.254
Soil temperature: An energy pile operates with the assumption that soil 
temperature remains constant all year long at depths greater than 9.14 m [308]. During 
summertime, atmospheric temperature will be higher than the soil temperature, so heat 
transfer between the fluid and soil will take place. Again, in the winter time, the 
atmospheric temperature will go below the soil temperature, resulting in heat transfer 
between soil and fluid. Therefore, it is evident that the soil is the source of energy in this 
system. For this reason, in all the industrially available software location of the project is 
a design input. This location input will define the soil temperature in the simulation. This 
is because for a particular location the soil temperature at a certain depth may remain 
constant all through the year, but each location has its own constant soil temperature. 
Figure 7.4 shows the earth temperature at different locations in the US. For Louisiana, 
this temperature is 19.44°C, as illustrated in Fig. 7.4.
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Fig. 7.4 Mean Annual Earth Temperature in Fahrenheit Scale at Individual
Stations, Superimposed on well-water Temperature Contours [254,309,
310]
Borehole/energy-pile spacing: Generally, boreholes/energy piles are constructed 
as a group. The reason behind this is, if one borehole/energy pile is used, then to have the 
design energy from the soil, the length of the borehole/energy pile must be huge to have 
the required surface area. The major cost in a borehole heat exchanger is the excavation 
cost. To make the heat exchanger system economical, the design is made in such a way 
that it requires the least amount of excavation work. Moreover, circulating the huge 
amount of fluid inside a very long borehole/energy pile will require a big energy-hungry 
circulating pump, which will at the end undermine the main objective of this system, 
which is to minimize the energy cost. Therefore, the spacing should not be so small that 
boreholes/energy piles interrupt each other’s effective zone. Spacing should be varied 
within the allowable construction zone to find the most optimum distance.
Inlet/outlet fluid temperature: In general, the temperature gap between soil and 
atmosphere is very small. To increase the amount of heat transfer, an additional heat 
pump is used to increase the temperature difference. This will increase the overall 
efficiency of the system and is generally denoted as the coefficient of performance 
(COP). Figure 7.5 shows a typical system with a COP value of 4.
% [
(from the ground)
Fig. 7.5 COP of a Heat-Pump System [311]
Circulation pump: As mentioned before, to circulate the fluid inside the U-tube, a 
circulation pump is needed. Generally, commercial software has a data bank with all the 
industry available circulation pumps and can recommend the required strength pump 
from the list.
Grout/concrete thermal conductivity (k): The overall heat transfer process can be 
divided into three rounds, as shown in Figs. 7.1 and 7.2. The first round of coupling is 
done between ground soil and grout/concrete, the second round is done between 
grout/concrete and HDPE pipe, and finally, the third round is done between HDPE pipe 
and the circulating fluid. Therefore, the higher the grout/concrete heat transfer rate, the 
more energy can be transferred between ground soil and the U-tube carrying circulation 
fluid. From Table 7.3 it is seen that the thermal conductivity of the thermally enhanced 
concrete made from OPC can be as high as 2 W/m-°C.
External pow er (electricity)
_ Jv '-----------
Energy flux
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Table 7.3 Thermal Conductivities of Typical Grouts and Backfills [254]
Grout and additives k(W/m*°C) Thermal-enhanced grouts
k
(W/m*°C)
20% Bentonite 0.73 20% Bentonite -  40% Quartzite 1.47
30% Bentonite 0.74 30% Bentonite -  30% Quartzite 1.21-1.30
Cement mortar 0.69-0.78 20% Bentonite -  40% Iron ore 0.78
Cement 2000/2500 
kg/m3 1.04-1.38 60% Quartzite -  Flowable fill 
(Cement + fly ash + Sand) 1.85Cement (50% 
quartz sand) 1.9-2 .94
Borehole/energy-pile diameter: The diameter of a borehole/energy pile is also an 
important parameter as it will define the surface area of heat transfer.
Soil moisture content: Soil moisture content is the most important factor that 
influences the extraction of geothermal energy. Clay soil retains more moisture than 
sandy soil; therefore, the presence of clay soil in the construction site will result in 
harvesting more geothermal energy from a shallow depth. For example, there is a high 
groundwater table in New Orleans, with the implication of high moisture content for 
ground soil. In the design, a value of 1.47 W/m-k was taken as the moist soil thermal 
conductivity [312]
A typical step-by-step design of a heat-pump geothermal energy system is shown 
in Fig. 7.6.
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Borehole
design parameters
1. Building HVAC load
2. Mechanical equipment
•  Heat pump
•  Circulating pump
3. Soil parameters
•  Soil temperature
•  Soil thermal conductivity
•  Soil moisture content
•  Soil type
4. U-tube parameter
•  No o f U-tube in one borehole
•  Diameter o f U-tube
•  U-tube thermal conductivity
5. Borehole
•  Borehole diameter
•  Borehole spacing
•  Total no o f borehole
•  Grout thermal conductivity
6. Fluid Parameter
•  Type o f circulating fluid
•  Fluid design velocity
•  Fluid design discharge
•  Fluid design inlet/outlet 
temperature in the U-tube
•  Fluid thermal conductivity
Use of 
commercial 
software to 
analyze data
Design output
•  Total 
borehole 
length
• Depth of 
individual 
borehole
Fig. 7.6 A Flowchart Demonstration of Typical Design Procedures of a Heat-Pump 
Geothermal Energy System [253]
7.3 Design of an Energy Pile in South Louisiana 
European countries like Austria and Switzerland are some of the first countries to 
pioneer using building foundation elements as a heat exchanger. At present, due to the 
ground-couple heat exchanger system’s high efficiency and its environmental advantages, 
geothermal energy is becoming more popular day by day [311,313,314], Concrete has a
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high thermal conductivity and is, therefore, an ideal medium to exchange heat. Most 
commonly used energy foundations include piles and base slabs. Louisiana is still at an 
early stage in tapping its geothermal energy reserve. To investigate the potential use of 
geothermal energy through building foundations in South Louisiana, a building under 
construction in New Orleans was selected for analysis. The new 4-story office building 
with 2043.87 m2 (22,000 ft2) of footprint is situated on the same site of a previous 
building that was destroyed by Hurricane Katrina. This paper will estimate the amount of 
heating and cooling energy that can be extracted from underground using the existing, 
regular load-bearing pile foundation as an energy pile, as sketched in Fig. 7.7. The energy 
pile Will use the temperature difference between atmosphere and soil to heat and cool the 
building. This energy will decrease the amount of cooling and heating of the building, 
which will finally result in less CO2 emissions in the atmosphere.
Fig. 7.7 The First-Round Coupling: Atmosphere, Groundwater and Subsurface
Room temperature
Seasonal atmospheric 
temperature distribution
Seasonal ground water 
temperature distribution, 
as same as on the left 
side
[310]
200
7.3.1 Building Description
The structure is a four-story building. The first floor includes parking and an 
elevator lobby. Each of the upper floors provides 696.77 m2 (7,500 ft2) of office space. 
The building is supported by 0.33m- (12.75 in-) diameter open-ended steel H-piles with a 
wall thickness of 0.0064m (0.25 in). The design-compressive capacity of the pile 
foundation is 444.82 kN (50 tons), and the tensile capacity is 222.41 (25 tons). To handle 
these design loads, the largest pile group that is needed consists of nine piles, and the 
total number of piles under the building is 145. The footprint of the site is approximately 
1048.70 m2 (11,288 ft2), and the building covers 723.99 m2 (7,793 ft2). The ground floor 
is used as a parking space with no heating/cooling unit installed, which means that a 
geothermal design will be done only for the 2nd, 3 rd and 4th floors. According to the 
provided consultant geotechnical report, a pile depth of 24.38 m (80 feet) is used for 
compressive and tensile loads.
7.3.2 Heating. Venting. Air Conditioning (HVAC1
Load of the Building
The pile foundation of the building was only designed by the construction 
company to carry the structural load. The design does not include any special features to 
use as an energy foundation. In this paper, the potential use of the existing pile 
foundation for geothermal energy extraction is studied. The four-story building is a 
cooling dominant structure, as expected of any building in South Louisiana. For any kind 
of geothermal design, the HVAC loading measurement is the most important part. As 
such, this value was used to measure the total pile length needed. Although the pile 
foundation of the building was designed only by considering the structural load, the
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existing foundation was also used to evaluate how much energy could be extracted if the 
current pile spacing and pile length are used. The LEED Plus software provided by Gaia 
Geothermal Energy was employed to measure the energy demand of the building. In 
places like Louisiana, where the system should be designed as a more cooling-dominant 
system, there might be a few occasions where the system must run in its full capacity in 
cooling mode. For this reason, the percentage of running time in cooling mode is less 
than the percentage of running time in heating mode, as presented in Table 7.4.
Table 7.4 HVAC Load of the Building using the LEED Plus Software [310]
Floor Cooling Load (kW/hr)
% of run time 
in cooling 
mode
Heating Load 
(kW/hr)
% of run time 
in heating 
mode
2nd ,3rd , or 4th 147.27 21.9 39.54 57
Results found from the LEED Plus software were then used to produce Figs. 7.8 
and 7.9. Figs. 7.8 and 7.9 show the annual energy consumption and corresponding 
expenses when using different types of energy to heat and cool this building. Finally, a 
comparison of CO2 emissions according to energy source is given in Fig. 7.10. It is quite 
clear that geothermal energy is the greenest form of energy when compared to other types 
of energy sources. Furthermore, it will reduce the cost of HVAC significantly compared 
to other types of energy.
202
25000
16000
tooco
5000
. »  0 3  *23 -23 -IB - I )  4  4  i  7 !2  17 22 27 32 37 *2 47 52 57 62 S7 T2 77 82 87
Bin Tfempereture (degree F)
I I Heat Pump kWh Use (Heating)
■  Auxiliary Heat kWh Use 
H  Heat Pump kWh Use (Cooling)
Fig. 7.8 Annual Energy Consumption [310]
123.030
513.039 
sia.C3t> 
SM.OSO
512.039
510.039 
53,039 
53.939 
54.033 
52,030
SO Proptno OH Et«5trtcKt*l GflOthcrm*!
■  Cooling Cost □  Heating Cost
Fig. 7.9 Annual Energy Cost Comparison [310]
203
6m  ta p n  0 * S»rane G «oif»esuf
m  Cooling Q  Heating 
Fig. 7.10 CO2 Emission [310]
7.3.3 Geothermal Design Parameters of Energy Foundation
There is a total of 145 piles installed in the foundation with several different pile 
groups and a maximum of 3x3 or 9 piles used in a single pile group. The spacing 
between any two piles in a group is around 1.22 m (4 feet), which also satisfies the 
minimum spacing requirement between piles for structural design. However, the 1.22 m 
(4 feet) spacing is very small for geothermal energy design. To make the design 
economical, a simple assumption is considered in the design. That is, there is a total of 
145/9 =16 groups of piles in the building foundation, with one energy pile in every pile 
group used for energy extraction. The average spacing between pile groups are taken as 
the equivalent energy-pile spacing as given in Table 7.5. An average spacing is found to 
be 8.55 m (28.06 feet). The analysis was done by taking the distance of 8.53 m (28 feet) 
as the design spacing with a total 4x4 or 16 energy piles presented in the foundation. The 
result was found to be very satisfactory.
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Table 7.5 Spacing Between Major Pile Groups of the Building
Pile group 1 2 3 4 5 6 7 8 9
Spacing
(m) 6.91 13.24 6.22 9.79 9.50 9.50 9.50 5.47 8.23
To make the design more economical, a heating pump is considered in the design. 
The purpose of the heating pump is to heat and cool circulating fluid in the U-tubes to 
further increase the temperature gap between the fluid and ground soil. For cooling, a 
temperature gap in the range of 11.11°C (20°F) to 16.7°C (30°F) above the undisturbed 
ground water temperature is needed. For heating, a gap of 5.55°C (10°F) to 11.11 °C 
(20°F) below the undisturbed groundwater temperature is needed [307]. The heat pump 
will ensure that the above-mentioned temperature gap is maintained throughout the year. 
In the design, the U-tube inlet fluid temperature is taken as 47.06°C (116.7°F), and the 
outlet fluid temperature is taken as 3°C (37.4°F). To circulate the fluid, a 1492 W (2 HP) 
circulation pump is adopted in the design. To minimize the energy cost of the heat pump 
and circulation pump, the system is designed in such a way that it will have variable fluid 
speed depending on the thermal load demand. Again, to ensure turbulent flow in the U- 
tube all the time, a minimum flow velocity of 0.61 m/s (2 fps) is used and the design 
velocity is taken as 0.757xl0'3 m3/s (12 gpm), as shown in Table 7.2. In the design, no 
anti-freeze solution is considered because it is highly unlikely that water would be frozen 
in the U-tube in South Louisiana. Generally, in areas where temperature goes below the 
freezing point, one needs to use methanol with water in the U-tube.
For depths greater than 9.14 m (30 feet) below ground surface, the soil 
temperature is relatively constant, and it corresponds roughly to the water temperature
measured in groundwater wells, which are usually 9-15 m (30-50 feet) deep [309]. This is 
referred to as the “mean earth temperature.” From Fig. 7.4, the soil temperature was taken 
at the building site as 19.44°C (67°F). From the geotechnical report, the groundwater 
table is 1.52 m (5 feet) below the surface. Although there is a seasonal change in the 
water table and the energy foundation design is done for 15 years, to be on the safe side, 
it was considered that the soil is not 100% saturated, since more moisture means more 
geothermal energy. In New Orleans, the groundwater table is high, which implies a 
higher thermal conductivity. After some literature review, the data provided by GLD 
2012 software was adopted, and the thermal conductivity value was taken as 1.47 W/m-k 
(0.85 BTU/h*ft*°F) [307, 311, 312],
In the actual building foundation, the structural engineer used steel H-piles. 
However, the GLD 2012 can only analyze concrete energy piles/grout-filled boreholes. 
For this reason, the building was designed as a concrete pile foundation with a pile 
dimension almost the same as the steel pile. Although the actual pile diameter in the 
foundation is 0.32 m (12.75 in), the GLD 2012 residential version only allows the use of 
a concrete pile with a diameter up to 0.25 m (10 in). Therefore, the energy pile was 
designed as a concrete pile with a diameter of 0.25 m (10 in). In the design, it was 
assumed that one SDR 11 type, 40mm U-tube is placed in one concrete pile. There are 
three types of possible pipe placements. They are illustrated in Fig. 7.3. In the design, 
only pipe placement of the middle one was taken into consideration.
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7.3.4 Results and Discussion
The maximum energy demand of the building in New Orleans for cooling is 
147.27 kW/hr, and heating is 39.54 kW/hr. Using the existing foundation layout, almost 
20% of the cooling demand and 68% of the heating demand can be met, as listed in Table 
7.6. This amount equals 1.83 kW/hr of heating energy and 1.68 kW/hr of cooling energy 
per pile as given in Table 7.7. Table 7.8 shows that natural gas and electricity are 13.6 
and 16 times costlier than using geothermal energy, respectively. From Table 7.9 it is 
also clear that geothermal energy emits less CO2 than other forms of energy.
Table 7.6 Total Output of Energy Pile [310]
Cooling load 
kW/hr
Max Demand 147.27
Extraction from Energy 
Pile 29.31
% 19.9
Heating load 
kW/hr
Max Demand 39.54
Extraction from Energy 
Pile 26.93
% 68.12
Table 7.7 Energy Output by Energy Piles [310]
Pile spacing (m) Pile length (m) Cooling load kW/hr Heating load kW/hr
8.26 390 (16 piles) 29.31 26.9324.38 (1 pile) 1.83 1.68
Table 7.8 Comparison of Annual Energy Costs by Source of Energy [310]
Type of energy source Annual cost (USD) Comparison
Natural Gas 13600 13.6
Propane 17600 17.6
Oil 19000 19.0
electric heat 16000 16.0
Geothermal 1000 1.0
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Table 7.9 Comparison of CO2 Emissions by Source of Energy [310]
Type of energy source Annual CO2 emissions (tons) Comparison
Natural Gas 58.2 1.8
Propane 53 1.6
Oil 59.5 1.8
Electric heat 54.5 1.7
Geothermal 32.5 1.0
7.4 Sensitivity Analysis of Design Parameters in an Energy-Pile Design
As a design engineer, one may have some flexibility in combining the design 
parameters to get an equal amount of energy from ground soil, but the different 
combinations that may give the same geothermal energy can result in different 
construction costs. For example, using a longer pile length with a larger concrete surface 
area exposed to soil can extract the same amount of energy as a smaller length of energy 
pile with a more powerful heat pump to increase the temperature gap between soil and 
circulating fluid. In the sensitivity analyses, different design parameters were tested 
against energy-pile length needed for a certain amount of geothermal energy output. A 
designer of geothermal energy piles wants to extract the desired amount of geothermal 
energy with a minimum pile length because more pile length means more volume of 
concrete, which will mean more cost.
In the design of any geothermal energy system, a designer can vary input 
parameters, which are adjustable within a certain range, to achieve the desired energy 
output from the system with a minimum cost. In the energy-pile system, the biggest 
challenge is to reduce the total pile length. Therefore, it is vital to understand the impact 
of the input parameters on the energy output, which boils down to the effect on the total
energy-pile length. Some parameters might be more sensitive to the pile length than 
others. The sensitivity analysis was performed by varying the parameters individually, 
and their effects on a single energy-pile length for the building foundation in New 
Orleans were quantified, respectively. This sensitivity analysis can also be performed on 
the total combined length of the 16 energy piles since the final graph will be plotted with 
each design parameter versus the increment percentile of each energy-pile length.
Because the increment percentile of pile length is the same for every single pile or forthe 
total combined pile lengths, the graphs should be exactly the same. If the total HVAC 
load with 147.27 kW/hr of cooling and 39.54 kW/hr of heating is required from the 
energy-pile system, each of the sixteen energy piles must be at least 66 m as opposed to 
the pile length of 8.33 m needed for the structural purpose only. In this sensitivity 
analysis, the pile length of 66 m was taken as the base value. The percentile change in 
pile length was calculated by varying the design parameters, respectively, in an attempt to 
see the impacts of different design parameters on the pile length.
An important energy-pile design parameter is the ground-soil temperature. Based 
on the annual ground temperature distribution data presented in Fig. 7.4, the ground-soil 
temperature in South Louisiana was taken as 19.4°C. Figure 7.4 also shows that the 
ground-soil temperature all over the US varies within the range of 10°C to 23°C, which is 
used as the basis for the ground temperature sensitivity analysis. Figure 7.11 shows how 
the ground-soil temperature affects the required pile length. The analysis indicated that 
any ground-soil temperature higher than 19.4°C led to a narrower temperature gap 
between the ground soil and atmosphere; thus, a significant increase is required in 
energy-pile length. The ground-soil temperature versus pile-length relationship is nearly a
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straight line displaying a monotonic increase in pile length with the ground-soil 
temperature increase. If the same energy-pile setup is taken from Louisiana to the 
northern US, and if the soil moisture is assumed to be the same in both places, due to 
lower ground-soil temperature in the northern US, for example in New Jersey, the 
required pile length will be almost 20% less than in Louisiana. On the other hand, if the 
same energy pile is installed further south, for example in Florida, the required pile length 
will increase by 10%.
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Fig. 7.11 Effect of Ground Soil Temperature on the Required Pile Length
Energy-pile designers might want to know how sensitive the soil moisture content 
is in energy-pile design. The pre-determined soil thermal conductivity (k) for the moist 
clayey ground soil in New Orleans was taken as 1.47 W/m-k. This k value was found 
from the supplementary data table relating soil type with a thermal conductivity, which
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comes with the GLD 2012 software package. In Fig. 7.12, it can be clearly seen that a 
decrease in soil thermal conductivity monotonically increases the required pile length to 
achieve the required cooling energy of 147.27 kW/hr and heating energy of 39.54 kW/hr 
anticipated from the energy-pile system. Figure 7.12 shows that, if the soil thermal 
conductivity has a sharper increase, the required pile length will reduce more 
significantly.
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Fig. 7.12 Effect of Soil Thermal Conductivity on Pile Length.
As the third parameter, the concrete thermal conductivity was used for the 
sensitivity analysis. With results presented in Fig. 7.13, it is found that, if the thermal 
conductivity of concrete increases, the required pile length will decrease. The change is 
as significant as for the ground soil thermal conductivity. It is noted from Table 7.3 that 
the change from ordinary concrete (2000/2500 kg/m3) to thermally enhanced concrete
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(50% quartz) means an increase in the thermal conductivity by almost 2 W/m-OC. 
Therefore, the thermally enhanced concrete can dramatically decrease the overall pile 
length by 40% (Fig. 7.13).
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Fig. 7.13 Effect of Concrete Thermal Conductivity on the Required Pile Length
Another important parameter for the sensitivity analysis is the pile diameter. Any 
increase in pile diameter implies the increase in the surface area of the pile wall. It will 
provide more area for heat transfer. Thus, a shorter pile length is required for the desired 
HVAC energy. Figure 7.14 is consistent with the trend, and it quantitatively helps to 
understand the significance of varying pile diameter. It seems that the increase in pile 
diameter does not decrease the pile length drastically. By doubling the pile diameter, the 
pile length can only decrease by 9%.
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Fig. 7.14 Effect of Pile Diameter on the Required Pile Length
Flow rate is a very important design parameter in energy-pile design. Figure 7.15 
shows that the smaller the flow in the U-tube, the shorter the length of the energy pile. 
However, the change in flow rate must meet desired needs within realistic constraints.
The flow value should be enough to maintain the minimum fluid velocity. On the other 
hand, from the continuity equation, it is known that a higher flow rate in the U-tube leads 
to a greater velocity if the cross-sectional area of the U-tube remains constant. It turns out 
that more eddies in the U-bend will be created because the higher velocity makes the 
flow more turbulent and increases the Reynolds number. That is why Fig. 7.15 shows that 
there is no change in pile length with a further increase in flow rate after the flow rate 
reaches a critical value.
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Fig. 7.15 Effect of Flow Rate in U-tube on the Required Pile Length
Figure 7.3 shows different types of U-tube orientations in an energy pile. Using 
the sensitivity analysis, it is found that, if the U-tubes are placed close together, as shown 
in the leftmost potential layout in Fig. 7.3, it will increase the pile length by 11% (Fig. 
7.16). If the U-tube is placed along the outer wall as shown in the rightmost potential 
layout in Fig. 7.3, it will decrease pile length by 9%. It makes sense as the U-tube is 
placed closer to soil, which is the energy source, because more heat transfer will occur.
Close together Average Along outer wall
a  -10
U-tube orientation
Fig. 7.16 Effect of U-tube Orientation on the Required Pile Length
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The last parameter analyzed in the sensitivity analyses is the U-tube diameter. As 
shown in Fig. 7.17, an approximately linear relationship is achieved between the U-tube 
diameter and percentile pile length increment. A greater U-tube diameter results in a 
shorter pile length.
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Fig. 7.17 Effect of U-tube Diameter on the Required Pile Length
7.5 Development of a Simple Graph Method for Borehole Design 
In this section, the development of a simple graphical design method iss 
presented. All the charts were developed by running commercial software GLD 2012 and 
by varying the major parameters such as borehole length, the spacing between GHX 
boreholes, and thermal conductivities, etc. The goal was to make a simplified chart 
solution for the preliminary design of a GHX without running the software programs. At 
this stage, the designers may have little background information about the soil, fluid, U- 
tube and circulating pump parameters. However, with the graph method, the potential
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geothermal energy, and the required borehole length could be effectively estimated. In 
the development of the charts, cooling/heating load ranges were selected such that they 
could meet the requirement of a small office building or a small apartment complex.
Heat exchangers change the ground temperature, especially when the cooling and 
heating loads are unbalanced. The process of ground temperature change may take 
several years before it moves to a steady state. With the ground-loop design, designers 
can change the modeling period (1 year, 5 years, 10 years, etc.) and then calculate the 
heat exchanger length corresponding to the period.
Several factors can have impacts on the duration of the ground temperature to 
stabilize, such as load balances/imbalances, water flow in the soil (fast-moving water can 
transfer heat quickly), and borehole depth. A large portion of a shallow borehole interacts 
with atmosphere/sunlight. Thus it has some of the characteristics that are typically 
associated with a horizontal system. Such systems tend to have a reduced or no soil 
temperature change since the soil can exchange heat with the atmosphere. Thus short 
modeling periods are oftentimes used. As the boreholes get deeper, a greater percentage 
of the borehole is not affected by sunlight/atmosphere, and long-term modeling periods 
become more common [312],
Currently, all the commercial software packages can do the simulation over a 
period of multiple years. Designing a borehole system over a 15-year period should 
consider all the variables [312], Therefore, in the chart solution development (graph 
method), a matrix for a 6 x 6 rectangular, vertical borehole system was taken as a 
scenario for a prediction modeling period of 15 years, and a huge data bank was produced 
for different soil conditions, borehole spacing, and U-tube lengths.
In the 6 x 6 borehole matrix, a total of 36 boreholes (6 boreholes placed in one 
direction and 6 in another direction) were combined as a geothermal energy system. Of 
course, chart solutions for other combinations, such as the 2 x 2, 2 x 3, and 3 x 4  
matrices, etc., should also be established for a complete chart-solution manual. The chart 
was developed using the design-day HVAC load method. In the design-day method, the 
design heating load was the HVAC demand of the building on the coolest day in winter 
and the design cooling load was the cooling load demand of the building on the warmest 
day in summer. These loads were referred to as the design peak heating and cooling 
loads, respectively. The heating and cooling systems were designed based on the 
assumption that, if the GHX system could provide adequate heating/cooling energy on 
the coolest/warmest day in a year, the system would work well for any other days of 
summer/winter. Peak heating/cooling load was found using the LEAD Plus software 
provided by Gaia Geothermal, LLC [315]. A maximum of 52,752 W (180 kBtu/h) 
cooling load can easily meet the HVAC requirement for a small office building or a two- 
or three-bedroom apartment complex in Louisiana. As for Louisiana, the cooling load is 
much greater than the heating load, the total borehole length needed for the cooling load 
would also meet the heating load requirement. A sample data set for the borehole spacing 
of 10.67 m (35') was given in Table 7.10, in which peak cooling and heating loads were 
obtained by varying the thermal conductivity and the total borehole length.
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Table 7.10 Borehole Design Data Acquired for Northern Louisiana (spacing of 10.67 
m)
Total borehole length (m) k (W/m-K) Cooling load (kW) Heating load (kW)
762
1.7 20.64 11.66
1.6 19.91 11.25
1.4 19.07 10.77
1.2 18.07 10.21
914
1.7 25.16 14.21
1.6 24.25 13.70
1.4 23.21 13.11
1.2 22.02 12.44
1.0 20.59 11.64
1067
1.7 29.78 16.83
1.6 28.72 16.23
1.4 27.49 15.53
1.2 26.05 14.72
1.0 24.33 13.75
1219
1.7 34.40 19.44
1.6 33.19 18.75
1.4 31.78 17.96
1.2 30.13 17.02
1.0 28.16 15.91
1372
1.7 39.02 22.05
1.6 37.66 21.28
1.4 36.07 20.38
1.2 34.21 19.33
1.0 32.00 18.08
1524
1.7 43.65 24.66
1.6 42.13 23.80
1.4 40.37 22.81
1.2 38.30 21.64
1.0 35.83 20.24
1676
1.7 48.27 27.27
1.6 46.60 26.33
1.4 44.66 25.23
1.2 42.38 23.94
1.0 39.66 22.41
After plotting all those findings in a single graph, numerical relations among 
those variables were found. Two sets of graphs were produced for the two cases in which
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the borehole spacing was 10.67 m (35') and 12.19 m (40'), respectively. These graphs 
showed the relations of peak cooling/heating load with thermal conductivity and total 
borehole length. Total borehole length means the combined length for the 36 boreholes 
with one U-tube in each borehole. As an example, for a particular peak HVAC demand, if 
a total borehole length of 762 m (2500') is found from the graph, it implies that the 36 
boreholes with a depth of 762/36 = 21.17 m (69.45') each could provide the equivalent 
HVAC energy. For every borehole spacing, a set of graphs can be developed relating the 
borehole length, thermal conductivity, and peak cooling/heating load. Figures 7.18 and
7.19 were plotted for the case of 10.67 m (35') in borehole spacing, and Figs. 7.20 and 
7.21 were for the case of 12.19 m (40 ft) in borehole spacing. From these figures, it is 
clearly seen that for any soil, if the total borehole length is made longer, more geothermal 
energy can be extracted from the ground since more surface area is available for heat 
transfer.
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Fig. 7.18 Cooling Load vs. Thermal Conductivity for the Borehole Spacing of 
10.67m.
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Fig. 7.19 Heating Load vs. Thermal Conductivity for the Borehole Spacing of 10.67 
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Fig. 7.21 Heating Load vs. Thermal Conductivity for the Borehole Spacing of 12.19 
m.
For the required cooling demand of any building and the thermal conductivity of 
the ground soil around the building, a quick answer to the required borehole length could 
be found using either Fig. 7.18 or 7.20. The borehole length required for the cooling load 
would then be employed to determine the cooling energy that can be found from Fig.
7.19 or 7.21. The capacity of the extracting cooling energy of a GHX system using the 
graphs will always meet the heating load demand of a small residential/office building in 
Louisiana. Similar graphs can be generated for any other borehole spacing such as 6.10 m 
(20') or 9.14 m (30'), if needed. These graphs are used in two ways. The first one is to 
evaluate the potential of geothermal energy for a certain borehole length, spacing, and 
thermal conductivity. The second one is that the required length and spacing of a 
borehole can be quickly found if a design HVAC load and soil thermal conductivity are
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known. The HVAC load consists of heating and cooling loads. These graphs were 
prepared exclusively for northern Louisiana where the geothermal energy system is 
mainly designed to be cooling dominant. For example, if electricity and gas bills are 
collected for a two-bedroom apartment, the peak heating and cooling load can be 
determined for the apartment. Using Figs. 7.18-7.21 the total borehole length and spacing 
can be determined.
7.5.1 Example: A  Quick Solution for the 
GHX Design o f a Small House
The simplified graph method was developed using the industry-popular software 
package GLD 2012. Validation of the numerical results from GLD 2012 with field 
measurements has not been well documented. For this reason, another software package 
GLHEPRO that was popular in the green energy industry was selected and used to design 
the same GHX system. Numerical solutions from package GLHEPRO were compared to 
the solutions from package GLD 2012 to validate the reliability, effectiveness and 
accuracy of the package GLD 2012. In the research, numerical results from the simplified 
graph method were also compared with the outcomes from software programs GLD 2012 
and GLHEPRO. The comparisons indicated that the simple graph method can provide a 
credible solution with an acceptable accuracy at the preliminary design stage.
The heating and cooling load requirement of a housing complex in Ruston, 
Louisiana, was selected as the example. It is a five-apartment house with all the 
apartments aligned side by side in a line. The annual heating and cooling load 
requirement for one of the five apartments was collected, and it was assumed that the 
HVAC requirement for all the five apartments is just five times the heating and cooling
222
requirement of a single apartment. On the average, all the two-bedroom apartments were 
9.57 m (31.4') long and 7.32 m (24') wide with two outside doors and six windows. 
Annual HVAC requirements for the single apartment and all five apartments were given 
in Table 7.11, respectively. Walton [315] suggested that an effective starting point could 
be selected such that 1% of total HVAC load demand is taken as the peak load/h, and 
thus the peak cooling load was 34,558 W (117.92 kBtu/h) and peak heating load was 996 
W (3.4 kBtu/h).
Table 7.11 The HVAC Load for the Five-Apartment Building
Billing cycle
The single apartment The five-apartment building
Heating
kW/month
Cooling
kW/month
Heating
kW/month
Cooling
kW/month
17-Jan-2013 19.64 0 98.18 0
14-Feb-2013 14.36 0 71.80 0
15-Mar-2013 14.95 0 74.73 0
17-Apr-2013 0 201.63 0 1007.87
17-May-2013 0 190.50 0 951.90
14-Jun-2013 0 512 0 2559.98
18-Jul-2013 0 613.69 0 3067.87
19-Aug-2013 0 691.06 0 3455.90
16-Sep-2013 0 592 0 2960.02
15-Oct-2013 0 276.66 0 1383.88
14-Nov-2012 0 271.97 0 1359.85
14-Dec-2012 12.31 0 61.55 0
It was assumed that six boreholes with a diameter of 0.25 m (10") and a spacing 
of 10.67 m (35') were set to meet the load requirements. The soil thermal conductivity 
was assumed to be 1.3 W/m K (0.75 Btu/h ft°F), as shown in Table 7.3. Then, the 
required borehole length was determined quickly from Fig. 7.18. The borehole length 
was also compared with outcomes from GLD 2012 and GLHEPRO, respectively. For the
same parameters and the HVAC load, the total borehole length with the 6 x 6 borehole 
option was determined using the graph method and the two software packages, 
respectively. The borehole length with other borehole options was also determined using 
GLD 2012 and GLHEPRO, respectively, in an effort to check if the solutions the 
software packages provided were consistent with each other. All the results were 
summarized in Table 7.12 and Fig. 7.22.
Table 7.12 Required Borehole Lengths with Different Borehole Options
Thermal
conductivity
(watt/m-k)
Borehole
options
No. of 
borehole(s)
Total borehole length (m)
Graph
Method
GLD 2012 GLHEPRO
1.3 6X6 36 1311 1442.00 1425.00
2X2 4 N/A 1425.66 1230.00
2X3 6 1426.89 1252.50
2X4 8 1427.52 1286.52
3X3 9 1428.54 1294.62
3X5 15 1429.86 1316.10
4X4 16 1430.31 1320.00
4X5 20 1430.85 1380.00
4X6 24 1431.24 1403.40
1450 -i
1400 - y = 27.408x- 37851 
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Fig. 7.22 Comparison of Results from GLD 2012 and GLHEPRO
Table 7.12 and Fig. 7.22 presented the required total borehole lengths from the 
software packages GLD 2012 and GLHEPRO, respectively, for the five-apartment house. 
They indicated that the solutions from the two independent software packages were 
reasonably close from an engineering perspective, and thus results from any of the 
software programs are consistently effective. It indicated that the numerical solutions 
from the software package GLD 2012, which was used to develop the graph method, 
were reliable and credible. For the borehole option 6><6, the required total borehole 
lengths presented in Table 7.12 were 1311 m, 1442 m and 1425 m from the graph 
method, GLD 2012 and GLHEPRO, respectively. The graph method provided a borehole 
length that was 9% lower than that from package GLD 2012, and 8% lower than that 
from package GLHEPRO. The design results using the graph method showed that total 
borehole length needed for the peak HVAC load had a reasonable agreement with the 
results from the two software packages GLD 2012 and GLHEPRO. Using regression 
analysis, it was found that the results from two software packages came up with a 
coefficient of determination (R2) of 90%. It implied that discrepancies among the results 
given by the graph method and the commercial software packages were within the 
acceptable range for industry use from an engineering perspective. The simple graph 
method is promising and feasible, and it can provide a quick, reliable and accurate 
solution for the GHX design of a small apartment house, especially in the early design 
stage. As a supplementary achievement using GLHEPRO, the research results 
demonstrated that, for the five-apartment building, the vertical borehole GHX thermally 
interacted with surrounding soil following complicated, three-dimensional transient heat 
conduction. It led to a non-uniform geothermal energy distribution for the 6 x 6 borehole
area. In this example, to understand the effects of variable heat pulse on the ground 
response, the thermal response factors calculated from the G-function [316, 317] were 
plotted in Fig. 7.23 as the G-map for the 36 boreholes. From Fig. 7.23, it was seen that 
the thermal response factor was the highest at the center of the borehole, which indicated 
that the thermal energy use reached its maximum value.
(1 ft = 0.30 m; 1 in = 0.025 m) 
Fig. 7.23 A G-map of the 6 x 6  Borehole Option.
CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
In this dissertation, a complete understanding of the swell-shrink behavior of 
Moreland clay, stress on a pavement resting on expansive soil and potential harvesting of 
geothermal energy from Louisiana’s soil has been studied.
The principal conclusions that can be drawn from this study are summarized in 
section 8.1, and recommendations for future research are discussed in section 8.2.
8.1 Conclusions
The following conclusions can be drawn:
1. A major type of North Louisiana’s expansive soil is Moreland clay. While volume 
changes can cause structural failure and pavement cracks, wven pavement 
consisting of geosynthetics resting on non-stabilized Moreland clay can experience 
longitudinal cracks. After measuring the swelling percent, it has one of the highest 
magnitudes of volume change in the world. Using a USDA mapping tool, a map of 
Moreland clay was produced showing Moreland clay is only present in Louisiana, 
Arkansas and Oklahoma. Among these three states, it is present mostly in North 
Louisiana.
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After a consolidation test and shrinkage test, it may be concluded that the 
macrostructure of the soil is mainly influenced by the mechanical stress state while 
the suction stress state influences both the macrostructure and microstructure.
After field observations, it can be concluded that the actual volume change of the 
soil in the field is much smaller than the predicted one. It may be because a) most of 
the predicted method uses 1-D soil experiment results while, in reality, the volume 
change happens three-dimensionally and b) soil at different depths cannot reach its 
maximum or minimum possible moisture content at the same time.
An empirical equation was proposed for the unsaturated shear strength of the 
Moreland clay.
A map to show the distribution of expansive soils and their degrees of severity over 
Louisiana, based on the calculated swelling potential, was plotted using ArcGIS 
software. A conclusion may be drawn from the map that the southern Louisiana soil 
has more swelling potential compared to the soil in northern Louisiana. It must be 
noted that the map is not to give a real measurement of soil heave, but to offer a 
general idea regarding the distribution of expansive soil based on swelling degrees 
across Louisiana.
A new analytical method for the calculation of the stress of pavement resting on 
expansive soil is proposed. To the author’s knowledge, it is for the first time the 
deflection, rotation, shear force and bending moment of a pavement due to the 
volume change of subgrade expansive soil can be calculated without any use of 
complicated finite element analysis. It makes incorporating the expansive-soil- 
induced bending stress in pavement design easily possible.
228
7. From the data of expansive soil in Texas, it may be concluded that the volume 
change of expansive soil during shrinkage is more critical than the volume change 
during heave.
8. The accuracy of the analytical model results largely depends on the accuracy of the 
measurements of moisture content change in subgrade soil throughout the year.
9. In a very detailed and systematic way, twelve Moreland clay soil samples stabilized 
with GPC and cement were tested. From the experiment results, it may be 
concluded that cement is a far better stabilizer than GPC.
10. North Louisiana is better suited for borehole geothermal systems, and energy-pile 
systems are more suitable for South Louisiana. This is because in southern 
Louisiana, pile foundation is more common than in northern Louisiana.
11. One test case from North and one from South Louisiana show that for a small 
building/office using geothermal energy is one of best alternatives compared to 
fossil fuels.
12. A simplified graphical method to design a geothermal energy system has been 
developed for small buildings and offices of Louisiana.
8.2 Future Research Recommendations 
Recommendations for future research are summarized as follows:
1. More data points should be included in the SP map of Louisiana, including more 
boundary conditions (i.e., rivers, geological formations, etc.).
2. A larger data set for Moreland clay should be developed so that statistical 
evaluation of accuracy and reliability of swell-shrink properties can be conducted.
A consolidation test with a suction control device should be used experimentally to 
find shear strength at different combinations of mechanical stress and matric 
suction. Using this dataset, the empirically found shear strength equation would 
need to be evaluated.
Results found from the analytically developed model of pavement resting on 
expansive soil should be tested against an experimentally found dataset. This can be 
done by installing strain-gauge and moisture-content sensors on a pavement and 
recording data for an entire year. Finite element analysis can also be done to verify 
the result.
In the analytical solution, the soil is considered elastic although the soil is actually 
elastoplastic. Soil also experiences creep under constant load. More research should 
be done to address these two critical conditions.
In the analytical solution, the soil is modeled as simple Winkler foundation. There 
are other more advanced soil models available. Those models should be 
incorporated and compared with the solution found by Winkler foundation. 
Pavement with geosynthetic inside can be analyzed by incorporating a shear 
stiffness parameter using this analytical solution.
Using simple lab experiment results, the constitutive surface of Moreland clay has 
been developed. The constitutive surface of a soil can be measured directly but 
needs sophisticated equipment, and the process is very time-consuming. More 
research should be done to find a simpler way to obtain this high-quality data 
experimentally.
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9. Initial results found from the GPC-stabilized soil look promising. As more and 
more states are allowing GPC-stabilized subgrade, it is high time to find a 
specification of GPC stabilization in Louisiana.
10. The two case studies described in this dissertation show using boreholes/energy 
piles in Louisiana can be an excellent option compared to fossil fuel. More case 
studies should be done to encourage people considering geothermal energy to 
heat/cool buildings.
11. Repeated circulation of heated and cold water inside an energy pile causes thermal 
stress on the concrete. The understanding of how this thermal stress is affecting the 
bearing capacity and structural integrity of the pile is not well documented. An 
experimental study or development of a thermo-hydro-mechanical coupling model 
could solve many of these concerns.
12. The proposed graphical model for small offices/houses should be extended to large- 
scale buildings.
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